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Editorial on the Research Topic
 Hypoxia in Kidney Disease



INTRODUCTION

Oxygen was first described by Carl Wilhelm Scheele as “Fire air” since it supported combustion. He obtained oxygen by heating mercuric oxide, silver carbonate, and nitrate salts. Scheele communicated his findings to Lavoisier, who realized the significance of this finding. Scheele's discovery of oxygen (ca. 1771) was chronologically earlier than the corresponding work of Priestley and Lavoisier, but he did not publish this discovery until 1777, after both of his rivals had already published their findings (West, 2014). Because others generally are accredited for the discovery of oxygen, and a number of other discoveries, he was nicknamed “hard-luck Scheele.”

Oxygen is essential for aerobic metabolism, a fundamental mechanism for energy production. The delivery of optimal levels of oxygen to tissues is tightly regulated as both hypoxia and hyperoxia are detrimental for cellular function. Indeed, tissue hypoxia has been found during pathological conditions such as cancer (Liu et al., 2016), diabetes (Palm et al., 2003), hypertension (Welch et al., 2001), chronic kidney disease (CKD) (Milani et al., 2016), and stroke (Ferdinand and Roffe, 2016). In the 90's Fine et al. proposed kidney hypoxia as a mediator of progressive kidney disease (Fine et al., 1998). Since then, experimental and clinical studies have solidified the view that kidney hypoxia plays a critical role during the genesis and progression of both acute and CKD. This research field is currently at the beginning of integrating pre-clinical with clinical research in which kidney hypoxia related mechanisms are quantified by non-invasive imaging. In combination with the fact that some key questions remain unanswered, this offers exciting new research perspectives that are waiting to be explored. With this Frontiers Research Topic we discuss and identify potential mediators/controllers of hypoxia in kidney disease. If we understand more about the sequence of events leading to kidney hypoxia, its regulation and consequences in renal disease, we might be able to have a major impact in clinical practice. I.e., more accurate and earlier diagnosis, novel treatment targets, and novel therapies.

HYPOXIA IN KIDNEY DISEASE

Liu et al. describes the alterations in renal oxygenation (delivery, consumption and tissue oxygen tension) in pre-clinical and clinical studies in diabetic and hypertensive CKD along with the underlying mechanisms and potential therapeutic options. The novel hypothesis by Patinha et al. on the cooperative oxygen sensing by the kidney and carotid body in blood pressure control, could further explain the role of kidney hypoxia in hypertension. This is relevant for the pursuit of novel ways to treat associated with sympathetic overdrive. Indeed, Hering et al. reduced sympathetic nerve activity and lowered blood pressure in CKD patients using 100% oxygen (Hering et al., 2007). Furthermore, van der Bel et al. assessed the underlying hemodynamic modulation and found that oxygen supplementation in CKD patients caused a non-baroreflex-mediated increase in vascular resistance and blood pressure. Conceivably, within their experimental set-up, the effects of oxygen on systemic vasoconstriction (leading to baroreflex deactivation with reduction in sympathetic tone) did not allow for the detection of any possible subtle effects of kidney specific oxygenation on sympathetic outflow.

Maekawa et al. describes that elevated levels of the uremic toxin indoxyl sulfate (IS) in CKD can induce endoplasmatic reticulum (ER) stress and subsequent hypoxia through suppression of erythropoiesis and exacerbation of tubular fibrosis. They propose that the removal of IS, blockage of aryl hydrocarbon receptor (mediator of IS-induced suppression of erythropoietin production), inhibition of hepcidin production (controls iron homeostasis) and mediation of the ER unfolded protein pathway could be therapeutic targets in ameliorating hypoxia and subsequent CKD progression. Preserving mitochondrial uncoupling might be a potential treatment target. Indeed, kidney hypoxia per se, caused by mitochondrial uncoupling, without confounding factors such as uraemia, hyperglycaemia or hypertension results in albuminuria and tubulointerstitial damage (Friederich-Persson et al., 2013). Schiffer et al. proposes that diabetic nephropathy is likely a joint mechanism of mitochondrial reactive oxygen species production, which include altered mitophagy, mitochondrial dynamics, mitochondrial uncoupling, and signaling through AMP-activated protein kinase and hypoxia-inducible factors. Therefore, prevention or correction of mitochondrial dysfunction might be pivotal in treating diabetic kidney disease.

HYPOXIA QUANTIFICATION IN KIDNEY DISEASE

Hirakawa et al. addresses the pathophysiological importance of renal hypoxia with a focus on hypoxia detection and quantification. Although kidney tissue oxygenation has been studied for a long time, recent advances have made it possible to achieve continuous measurements, non-invasive oxygen assessments, and intracellular oxygen assessments. Using oxygen tension telemetry Emans et al. demonstrate circadian variation in kidney tissue oxygenation with maximal values during the lights-off period, when renal excretion of electrolytes was highest. These type of experiments will allow long-term investigation of kidney oxygenation in relation to disease development, including the investigation of circadian influence on normal physiology and disease development (Adamovich et al., 2017). Blood Oxygenation-Level Dependent (BOLD) magnetic resonance imaging (MRI) allows for non-invasive estimation of kidney oxygenation in humans, without the need for administration of exogenous contrast agents. Pruijm et al. summarizes the growing knowledge of factors that influence the BOLD-signal and how this has led to better standardization, refinements, and reproducibility. BOLD, alone or in combination with other MRI modalities, could therefore contribute to patient stratification, earlier diagnosis, and improve long-term follow up. Indeed, Eijs et al. report that functional MRI (including BOLD) has the potential to detect several pathophysiological mechanisms involved in kidney allograft dysfunction, making it a promising tool in long-term follow-up of kidney transplantation patients. In addition, Cox et al. showed in a pilot study that multiparametric MRI could assess renal structure, hemodynamics and oxygenation in healthy participants and CKD patients. Renal blood flow and renal cortex perfusion was lower in CKD patients compared with healthy participants. Longitudinal relaxation time (T1 values), an MRI parameter that increases with reduced perfusion/filtration and/or progressive scarring, were increased in both renal cortex and medulla compared to healthy participants, though primarily in cortex, resulting in a loss of corticomedullary differentiation. Finally, Laustsen describes how the introduction of dissolution dynamic nuclear polarization technology has enabled a new paradigm for renal MRI. They describe the utility of hyperpolarized MRI in preclinical research in which the real-time interrogation of metabolic turnover has already aided the physiological and pathophysiological metabolic and functional effects in ex vivo and in vivo models, and discus its potential translation to renal patients.

CONCLUSION

This research topic highlights the important role of hypoxia in kidney disease and what progress has been made to address its importance. We conclude that it is imperative to further advance our understanding about the sequence of events leading to intrarenal tissue hypoxia, its regulation and consequences in both acute and CKD. If we do that, we might be able to end Scheele's “hard-luck” and have a major impact of patient care and reduce the poor quality of life often associated with kidney disease.
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Oxygen sensing mechanisms are vital for homeostasis and survival. When oxygen levels are too low (hypoxia), blood flow has to be increased, metabolism reduced, or a combination of both, to counteract tissue damage. These adjustments are regulated by local, humoral, or neural reflex mechanisms. The kidney and the carotid body are both directly sensitive to falls in the partial pressure of oxygen and trigger reflex adjustments and thus act as oxygen sensors. We hypothesize a cooperative oxygen sensing function by both the kidney and carotid body to ensure maintenance of whole body blood flow and tissue oxygen homeostasis. Under pathological conditions of severe or prolonged tissue hypoxia, these sensors may become continuously excessively activated and increase perfusion pressure chronically. Consequently, persistence of their activity could become a driver for the development of hypertension and cardiovascular disease. Hypoxia-mediated renal and carotid body afferent signaling triggers unrestrained activation of the renin angiotensin-aldosterone system (RAAS). Renal and carotid body mediated responses in arterial pressure appear to be synergistic as interruption of either afferent source has a summative effect of reducing blood pressure in renovascular hypertension. We discuss that this cooperative oxygen sensing system can activate/sensitize their own afferent transduction mechanisms via interactions between the RAAS, hypoxia inducible factor and erythropoiesis pathways. This joint mechanism supports our view point that the development of cardiovascular disease involves afferent nerve activation.

Keywords: hypoxia, kidney, carotid body, hypertension, angiotensin II

INTRODUCTION

Oxygen is essential for aerobic metabolism, a fundamental mechanism for energy production. However, the delivery of optimal levels of oxygen to tissues must be highly regulated as both insufficient (hypoxia) or excessive oxygen levels (hyperoxia) are highly detrimental. Indeed, tissue oxygenation has been found to be reduced during pathological conditions such as cancer (Liu et al., 2016), diabetes (Palm et al., 2003), hypertension (Welch et al., 2001), chronic kidney disease (Milani et al., 2016), and stroke (Ferdinand and Roffe, 2016). We will explore the idea that an inappropriate activation of some of the signaling pathways that counteract hypoxia can contribute to the development of hypertension and cardiovascular disease through activation of the sympathetic nervous system.

Adaptation to low partial pressure of oxygen, for instance at high altitude, triggers a protective mechanism that includes an increase in sympathetic activity, vascular resistance, and blood pressure (Hainsworth and Drinkhill, 2007). The kidney and carotid body both participate in this adaptation for the maintenance of systemic oxygen levels and blood flow (Marshall, 1994; Dunn et al., 2007; Jelkmann, 2011). For example, within the kidney the number of erythropoietin-producing cells increases proportionally to the degree of hypoxia, which correlates directly with the concentration of erythropoietin in blood (Koury and Haase, 2015), ensuring higher blood oxygen carrying capacity (Marshall, 1994; Dunn et al., 2007; Jelkmann, 2011). In comparison, the carotid body triggers reflex increases ventilation and sympathetic activity to maintain oxygen tension and delivery (Marshall, 1994). Interestingly the kidney and the carotid body are both innervated by efferent and afferent nerve fibers and are both targets and modulators of sympathetic activity. Hypoxic-hypoperfusion of the kidney and carotid body is a likely trigger for increased reflex sympathetic activity (Koeners et al., 2016) and aberrant afferent drive from these organs is implicated in the etiology of neurogenic hypertension (Fisher and Paton, 2012; Narkiewicz et al., 2016; Silva et al., 2016; Osborn and Foss, 2017).

We wish to explore whether there is cooperative oxygen sensing between the kidney and the carotid body that plays a role in homeostasis. We will consider this notion under physiological conditions where it counteracts moderate or brief tissue hypoxia over an acute short time scale (minutes to hours). We will also assess the long term (days) cooperative oxygen sensing where hypoxia afferent signaling from these organs persists and drives the progression of cardiovascular disease. We initiate our discussion by examining the effect of short and long term hypoxia on the kidney and carotid body.

HYPOXIA, AFFERENT NERVE ACTIVATION/SENSITIZATION AND HYPERTENSION

Hypoxia

Oxygen delivery to different organs is a product of cardiac output and arterial oxygen content per unit of time (Habler and Messmer, 1997; Leach and Treacher, 2002). The majority of oxygen transported throughout the body is reversibly bound to hemoglobin, and its diffusion to the cell is dependent on the local tissue partial pressure gradient. Oxygen consumption in a given tissue is the volume of oxygen consumed per unit of time, which in aerobic conditions corresponds to the metabolic rate [adenosine triphosphate (ATP) formation/consumption] (Habler and Messmer, 1997; Leach and Treacher, 2002). Each organ has a different metabolic rate, and hence a different oxygen demand. Every organ has the capacity of altering their metabolic rate (except skin), as part of the local dynamics which, in most cases, directly influences local blood flow. Due to an oxygen reserve, oxygen consumption is independent of oxygen delivery within a wide range of delivered oxygen. In addition, organs have different oxygen extraction ratios (fraction of oxygen delivery) and different oxygen reserves. Organs that have a lower oxygen extraction, such as the skin, have a higher oxygen venous reserve. Conversely, the heart and the brain have a limited oxygen reserve due to the high oxygen extraction (Habler and Messmer, 1997). In case of systemic low oxygen delivery or systemic high oxygen demand, blood can be redistributed to sustain high extraction organs, without compromising oxygen supply to the ones with higher oxygen reserves. However, increases in oxygen consumption or decreases in oxygen delivery will increase oxygen extraction to maintain aerobic metabolism. When the critical oxygen delivery limit is reached, any increase in oxygen consumption or decrease in oxygen delivery will lead to tissue hypoxia, as reviewed in Leach and Treacher (2002).

The term hypoxia represents a reduced partial pressure of oxygen and deoxygenation of tissue. Such a condition triggers a series of responses that manifest themselves over different sequential time frames: First, acute systemic reduction of tissue oxygen partial pressure stimulates peripheral chemoreceptors that triggers respiratory and cardiovascular responses to elevate oxygen uptake and delivery to bodily organs (Lahiri et al., 1980; Marshall, 1994; Blessing et al., 1999). Second, persistent subacute hypoxia activates cellular pathways through the stabilization of hypoxia inducible factor (HIF)-1 and HIF-2 complexes (Greer et al., 2012). HIF-1 is understood to be the most important regulator of cellular responses to hypoxia. This long term adaptation is triggered in order to enhance the oxygen delivery capacity and maintain organ function, including glycolysis, angiogenesis, erythropoiesis, iron metabolism, pH regulation, apoptosis, cell proliferation as well as cell-cell, and cell-matrix interactions (Haase, 2006; Greer et al., 2012). Examples of classic HIF target genes are phosphoglycerate kinase-1, glucose transporter-1, vascular endothelial growth factor, and erythropoietin. Pathologic conditions like renal disease and diabetic nephropathy have shown to impede this adaptation via, for example, desensitization of renal erythropoietin-producing cells by uremic toxins (Chiang et al., 2012) or direct inhibition of HIF activity (Nordquist et al., 2015; Tanaka et al., 2016). Indeed, treatment which increased HIF activity corrected abnormal renal metabolism (oxygen consumption, efficiency) and hemodynamics (renal blood flow, glomerular filtration) in a rat model of chronic kidney disease (Deng et al., 2010). Interestingly these effects were similar to RAAS inhibition but involved a significantly different molecular pathway. Third, chronic sustained tissue hypoxia can result from stenosis/partial occlusion of conduit arteries that may be of congenital or atherosclerotic origin. In case of obstruction of blood flow ischemic injury will follow due to the reduced nutrient and oxygen supply. As proposed previously (Koeners et al., 2016), hypoxic-hypoperfusion may trigger aberrant renal and/or carotid body afferent tonicity and initiate/amplify sympathetic hyperactivity accentuating arteriolar vasoconstriction and further compounding blood flow and oxygen delivery; this results in hypertension.

Renal Oxygenation

Renal oxygenation is tightly regulated (both short and long term) to maintain the balance between oxygen supply and demand. Under normal conditions, but under anesthesia, renal partial pressure of oxygen varies from 15 to 50 mmHg in the cortex and 5–25 mmHg in the renal medulla (Evans et al., 2008; Carreau et al., 2011). Due to the unique anatomy of the kidney, the renal medulla is believed to receive the minimum level of oxygen needed to support normal cell function, and hence might be very susceptible to reductions of the partial pressure of oxygen.

The heterogeneous oxygenation within the renal parenchyma is a result of the different tasks performed along the nephron and is mainly associated with: (1) the high energy demand necessary to reabsorb Na+, (2) the arteriovenous oxygen shunt, and (3) the requirements to perform the countercurrent mechanism that permits urine concentration. Almost all of the renal oxygen consumption is coupled with active Na+ transport through Na-K-ATPase (Mandel and Balaban, 1981). To put this in perspective, the energy required to reabsorb 1 mol Na+ is ~7 kj, which corresponds to lifting 1 mol Na+ (~20 g) to a height of 70 km (Hansell et al., 2013). In addition, the development of a Na+ gradient allows the transport of other molecules such as glucose, amino-acids, other solutes, and water. Since the reabsorption of Na+ depends on the glomerular filtration rate, increasing the blood flow to the kidney will increase the filtered Na+ load and further deplete renal oxygen due to a higher oxygen consumption (Hansell et al., 2013). Another factor contributing to the oxygen content in the renal tissue is the arteriovenous oxygen shunt. The renal arteries and veins run in close proximity, oxygen can diffuse in such a way that the oxygen content in the veins is higher than that in the glomerular capillaries and efferent arterioles (Schurek et al., 1990; Welch et al., 2001; Evans et al., 2008). This is especially important when considering that the renal medullary peritubular capillaries arise from the efferent arterioles of the juxtamedullary glomeruli. This vessel network also has a low blood flow to maintain the gradients necessary for the countercurrent mechanism that allows urine concentration (Brezis and Rosen, 1995; Fry et al., 2014). Furthermore, the close proximity of the ascending and descending medullary vasa recta may theoretically promote more arteriovenous oxygen diffusion (Zhang and Edwards, 2002). Hence, the renal medulla has a relative low partial pressure of oxygen and is highly susceptible to ischemic/hypoxic injury.

As already indicated above the kidney contributes to long-term (days) hypoxic adaptation. It has a primordial role in maintaining systemic oxygen content through hypoxia-induced erythropoietin production from the renal interstitial fibroblast-like cells. Under hypoxia, HIF-α is no longer hydroxylated, and HIF-α subunits can accumulate to activate HIF-1-dependent genes like erythropoietin and many others (Haase, 2006). Erythropoietin acts on bone marrow to increase red blood cell production (Dunn et al., 2007; Jelkmann, 2011) which will increase the oxygen carrying capacity. Therefore, the kidney serves as one of the most important physiological oxygen sensors and detectors of systemic hypoxia.

Renal Hypoxia, Afferent Nerve Activation/Sensitization, and Hypertension

Chronic hypoxia has been confirmed in different kidney disease models such as diabetic nephropathy (Palm et al., 2003) and hypertension (Welch et al., 2001). Long term renal hypoxia is an increasingly recognized common pathway for the development of chronic kidney disease (Hansell et al., 2013; Kawakami et al., 2014), but it can also generate renal injury. Friederich-Persson et al showed that increasing kidney oxygen metabolism, using a mitochondrial uncoupler, reduces the cortical partial pressure of oxygen and causes proteinuria in otherwise healthy rats (Friederich-Persson et al., 2013).

Acute renal hypoxia may also be involved in the activation of renal afferent pathways that leads to the establishment and maintenance of elevated blood pressure. The cell bodies of the renal afferent nerve fibers are located in the dorsal root ganglia and project to the ipsilateral dorsal horn where they synapse with neurons projecting to sites associated with cardiovascular regulation such as the nucleus tractus solitarii and the rostral ventral medulla (Solano-Flores et al., 1997; Ciriello and de Oliveira, 2002; Kopp, 2015) where integration with other inputs will occur and reflex sympathetic responses can be generated. Indeed, perfusion of the kidney with hypoxic blood (PaO2: 36 mmHg) is enough to increase femoral perfusion pressure by >30 mmHg. This response is mediated by renal afferent nerves as it was abolished after denervating the kidney (Ashton et al., 1994). However, whether there is a threshold, or graded thresholds of renal tissue partial oxygen pressure for renal afferent nerve activation is unknown. Furthermore, performing the same experiment using normoxic blood and ischemic metabolites such as bradykinin, prostaglandin E2, and adenosine elicits similar rises in blood pressure (Ashton et al., 1994). This demonstrates that both low partial pressure of oxygen and ischemic metabolites can directly and/or indirectly stimulate renal sensory nerve fibers, promoting reflex increase of the sympathetic nerve activity, and blood pressure (Katholi et al., 1985).

In the two-kidney one clip model of hypertension, denervation of the hypoperfused (clipped) kidney reduced arterial blood pressure, noradrenaline plasma concentration and peripheral sympathetic nerve activity (Katholi et al., 1982). Similarly, in the one-kidney, one-clip model of renovascular hypertension, dorsal root rhizotomy ipsilateral to the clipped kidney attenuated the evoked hypertension (Wyss et al., 1986). Importantly, even a small lesion in the kidney that results in an area(s) of ischemia (hypoperfusion) not necessarily affecting renal function, e.g., by intrarenal injection of phenol, can cause neurogenic hypertension via activation of hypoxia-sensitive renal afferent mechanisms (Ye et al., 2002; Koeners et al., 2014). In this phenol model of renal neurogenic hypertension there is a rapid (within 5 min) and sustained increase in blood pressure that is abolished by nephrectomy or denervation of the injured kidney (Ye et al., 2002; Koeners et al., 2014). These studies support the concept that hypoxia-induced renal afferent activation contributes to hypertension by increasing sympathetic nerve activity through reflex pathways. Similarly, in patients with renovascular hypertension, restoration of renal perfusion reduces muscle sympathetic nerve activity and blood pressure (Miyajima et al., 1991) and renal nerve ablation can reduce blood pressure and muscle sympathetic nerve activity in some patients with resistant hypertension (Hering et al., 2014). Finally, given the change in set-point of sympathetic activity and blood pressure it is perhaps not surprising that the baroreceptor reflex is reset and gain improved following renal denervation in a rat model of chronic kidney disease (Chen et al., 2016).

We suggest that the aforementioned renal afferent reflex pathway impinging on the nucleus tractus solitarii is a likely nodal point for modulation of the baroreflex. Taken together, both acute or chronic renal hypoxia and hypoperfusion (associated with macro- or microvascular disease) may cause/sustain hypertension through activation of renal afferent chemosensory fibers (Campese et al., 2006; Johns et al., 2011; Foss et al., 2015; Banek et al., 2016). This has parallels with sustained activation of the peripheral chemoreceptors, which are considered next.

Carotid Body Oxygenation

Carotid bodies are distinct organs located bilaterally at the bifurcation of the common carotid arteries. They have the highest blood flow per tissue weight when compared to any other organ in the body and play an important role in the monitoring and maintenance of physiological levels of blood gases through reflex activation of respiration (Lahiri et al., 1980). The carotid body consists of glomus or type I cells, which are the primary oxygen sensing cells, and supporting or type II cells. Blood supply to the carotid body originates mostly from the carotid artery. The carotid body vasculature is innervated by postganglionic sympathetic fibers from the superior cervical ganglion and by parasympathetic fibers originating from intraglomic ganglion cells. With larger blood vessels having predominantly parasympathetic innervation and smaller blood vessels having predominantly sympathetic innervation, as reviewed by Kumar and Prabhakar (2012). Hence, the arterioles that are in close contact with the type I and type II cells are predominantly innervated with sympathetic fibers, thus more prone to vasoconstriction/hypoperfusion that promotes chemoreceptor activation.

The blood supply to the carotid body is very high given the total metabolic demand, with <3% of oxygen consumed (De Burgh Daly et al., 1954). Of interest, tissue partial pressure of oxygen is lower than that measured in the venous blood, suggesting the existence of an arteriovenous shunt, with potentially a large amount of blood bypassing the chemosensory cells (Acker et al., 1971; Acker and O'Regan, 1981; O'Regan et al., 1990). Despite the very low total organ oxygen consumption, type I cells have a very high metabolic rate with an oxygen consumption at rest approaching the maximum (Duchen and Biscoe, 1992). This very high oxygen consumption makes type I cells very sensitive to reductions in partial pressure of oxygen.

The microvascular partial pressure of oxygen in the carotid body is around 50–70 mmHg in the anesthetized cat (Whalen et al., 1973; Rumsey et al., 1991). It has been shown that changes in oxygenation below this level results in a powerful increase in carotid body afferent activity (Vidruk et al., 2001). Neurosecretion from the glomus cells within the carotid body in response to acute hypoxia is fundamental to chemosensation and involves release of a variety of molecules including acetylcholine, dopamine, ATP, and neuropeptides such as substance P or enkephalins have been investigated. Recently, evidence for gas signaling molecules such as nitric oxide and carbon monoxide have been highlighted in the carotid body for oxygen sensing (Prabhakar, 2000; Nurse and Piskuric, 2013). These transmitters all activate the terminals of afferent fibers at the glomus cell-afferent junction. Anatomical studies on the cat carotid region revealed that glomus cells are innervated both by sensory and autonomic fibers mostly from the carotid sinus nerve but also by superior cervical ganglion and occasionally the ganglio-glomerular nerves (Eyzaguirre and Uchizono, 1961; Knoche and Kienecker, 1977).

Carotid Body Hypoxia, Afferent Nerve Activation/Sensitization, and Hypertension

Chemoreceptor activation typically occurs after a change in arterial partial oxygen pressure from ~95 to ~50 mmHg for a single unit chemoreceptor in vitro (Vidruk and Dempsey, 1980), and to ~35 mmHg for a whole nerve in vivo (Vidruk et al., 2001). However, chemoreceptor afferent fibers show huge variability in their threshold of activation to hypoxia permitting graded responses (Vidruk et al., 2001) and therefore is likely to overlap with renal afferent threshold(s). It has also been proposed that carotid body glomus cells and associated sensory fibers have reflex specific circuits that account for different patterns of response evoked by different stimulants or different levels of hypoxia (acute or chronic) (Paton et al., 2013). Importantly, the afferent nerves of the different sub-populations of glomus cells may project into compartmentalized sites of the nucleus tractus solitarii that regulate cardiac, respiratory, sympathetic as well has higher brain functions (Paton et al., 2013). Carotid body chemoreceptor activation leads to an increased sympathetic tone through glutamatergic excitatory signaling in the nucleus tractus solitarii, rostral ventrolateral medulla, and the paraventricular nucleus resulting in increased blood pressure (Marshall, 1994; Blessing et al., 1999).

The carotid chemoreflex plays a powerful role in the blood pressure regulation including modulation of renal function. For example, carotid chemoreflex activation using autologous venous blood, while maintaining carotid sinus pressure constant, reduced renal blood flow, and glomerular filtration rate through increased renal nerve activation in dogs (Karim et al., 1987). For a long time it has been considered that carotid bodies only change blood pressure over seconds. However, recently an increasing amount of evidence suggests that persistent stimulation of the carotid body might play a role in long-term blood pressure control. In hypertensive animals and humans, chemo-sensory fibers are continuously activated causing increased vasomotor sympathetic activity and hypertension in animals and humans (Sinski et al., 2014; Pijacka et al., 2016b). To demonstrate carotid body tonicity, the carotid sinus nerves were resected and this was found to attenuate the developmental increase in the blood pressure in young spontaneously hypertensive animals (Abdala et al., 2012). In addition, carotid sinus denervation performed in adult spontaneously hypertensive rats reduced blood pressure and sympathetic activity chronically; it also led to increased aortic baroreflex sensitivity (Abdala et al., 2012; McBryde et al., 2013). These animal studies were translated into a first human study with similar results in some hypertensive patients (Narkiewicz et al., 2016).

This evidence suggests that excessive afferent signaling from carotid bodies may lead to the development of pathological conditions such as hypertension in animals and human. However, what triggers carotid body tonicity is still poorly understood but it is unlikely to be systemic hypoxia. The possibility that the carotid body is chronically hypoxic, perhaps due to hypoperfusion secondary to either increased sympathetic vasomotor tone or circulating angiotensin II is plausible, at least in hypertension.

KIDNEY AND CAROTID BODY: COOPERATIVE OXYGEN SENSORS

As outlined above acute and chronic hypoxia is sensed by both the kidney and the carotid body that activates afferent nerve signaling promoting reflex increases in sympathetic nerve activity triggering hypertension (Katholi et al., 1982; Tafil-Klawe et al., 1985; Somers et al., 1988; Ashton et al., 1994; Ye et al., 2002; Campese et al., 2006; Tan et al., 2010; Johns et al., 2011; Abdala et al., 2012; Sinski et al., 2012; McBryde et al., 2013; Paton et al., 2013; Koeners et al., 2014; Foss et al., 2015; Banek et al., 2016; Pijacka et al., 2016a,b). We hypothesize that the response to systemic hypoxia is based on both local renal and carotid body specific chronic hypoxia sensing which act cooperatively (see Box 1). Given the greater sensitivity of the kidney to hypoxia (see above) we propose that this organ responds first to falls in arterial oxygen tension. As oxygen tension falls further signals cascading from the kidney activate the carotid body that once recruited acts cooperatively to ensure sustained long term sympathoexcitation. Evidence for this cooperative mechanism comes from the additive blood pressure lowering effect after renal denervation is performed in combination with carotid body de-afferentation/resection (McBryde et al., 2013, 2017; Pijacka et al., 2016a). The carotid sinus and the renal afferent nerves converge in multiple central cardiovascular regulation areas, providing an anatomical basis for interaction such as the nucleus tractus solitarii and the rostral ventrolateral medulla (Johns et al., 2011).


Box 1. Novel insights of the cooperative oxygen sensing by the kidney and carotid body in blood pressure control.

• Integration of renal and carotid body afferent activity act together to regulate blood pressure during both acute and chronic hypoxia.

• The interaction between the kidney and the carotid body is cooperative—not facilitatory or occlusive.

• The afferent systems of the kidney and the carotid body may have overlapping thresholds for detecting reduced tissue oxygen partial pressure.

• Given the postulated overlap in thresholds, there may be a temporal sequence to the reflex responses elicited between the two organs.

• The cooperative oxygen sensing by the kidney and carotid body could be of great relevance in the pursuit of novel ways to treat diseases in which there is sympathetic overdrive.



Lines of Communication: Kidney to Carotid Body

Given their relative sensitivities to acute and chronic hypoxia it would seem logical to postulate a communication cascade from the kidney to the carotid body (Figure 1). This might include the RAAS. The RAAS plays a key role in cardiovascular and renal physiology and is primarily activated as a functional response to maintain organ perfusion. Most of the RAAS effects arise from angiotensin II AT1 receptor activation and include direct vasoconstriction, increased tubular sodium reabsorption, activation of sympathetic nervous system and increased aldosterone release, fibrosis, reactive oxygen species production and cell proliferation (Balakumar and Jagadeesh, 2014). Accordingly, the RAAS is currently the main pharmacological target of anti-hypertensive therapy (Romero et al., 2015). The mechanism of action of RAAS blockade seems to be straightforward: reduce or block angiotensin II and aldosterone, thereby preventing the deleterious cardiovascular effects. Strikingly, RAAS inhibition is also effective in patients with medium-to low plasma RAAS activity (Te Riet et al., 2015). Moreover, in some cases, after inhibiting angiotensin II/aldosterone receptors, plasma levels of these two hormones returns to normal or even rise above pre-treatment levels: the so-called angiotensin II escape/ refractory hyperaldosteronism (Te Riet et al., 2015). Nonetheless, RAAS inhibition remains partially anti-hypertensive (Te Riet et al., 2015), which may be related to locally generated and regulated RAAS. Experimental evidence shows that intra-renal RAAS is compartmentalized from systemic RAAS; for example, intrarenal RAAS is not adequately inhibited by plasma concentrations of RAAS inhibition in currently used dosages (Nishiyama et al., 2002). Whether this RAAS compartmentalization occurs in other organs, like the carotid body, and is immune to systemic RAAS antagonists is unknown.


[image: image]

FIGURE 1. Schematic representation of the hypothesis that chronic hypoxia sensed by carotid body and kidney is essential for physiological adaptation and when over-activated can contribute to cardiovascular disease due to positive cross-organ interactive feedback mechanisms. We propose a temporal sequence to the reflex responses elicited between the two organs. One potential way of how the transition from one state to the other would occur includes the inability of the kidney to overcome tissue hypoxia during pathological conditions related to hypoperfusion and/or increased metabolic rate (e.g., vasoconstriction, mitochondrial dysfunction, hyperfiltration). Signals cascading from the hypoxic kidney activate the carotid body that acts cooperatively to ensure sustained (and in the end aberrant) long term sympathoexcitation. Furthermore, the renin angiotensin system is activated in both organs in response to low blood flow/hypoxia. This chronic low blood flow/hypoxia together with the activation of the renin angiotensin system forms a non-functional positive feedback loop that leads to tissue damage. Increasing the renin angiotensin system will lead to activation of different pathways to ensure proper oxygen delivery, including hypoxia inducible factor and erythropoiesis, that may also contribute to the dysfunctional sympathetic activation in hypertension.



If the carotid body is an additional source of afferent drive contributing to sympathetic excess in conditions of hypertension, then what drives it? Certainly, all the components of the RAAS have been identified in the carotid body, except renin (Allen, 1998; Lam and Leung, 2002, 2003). Interestingly a high density of angiotensin II AT1 receptors are located on the primary chemoreceptor element, the glomus cell (Allen, 1998) and their expression and function is upregulated when exposed to chronic hypoxia (Leung et al., 2000). We hypothesize that this forms a line of communication to amplify the generation of sympathetic activity. We do not rule out that in renovascular hypertension heightened sympathetic activity to the carotid body itself (causing vasoconstriction, hypoperfusion) results in enhanced carotid body discharge and elevated systemic RAAS activity. We will address the proposed role of RAAS and cooperative oxygen sensing in the kidney and carotid body.

Hypoxia and Renal Renin-Angiotensin Aldosterone System in Hypertension

Renal sympathetic activation constricts the renal vasculature thus reducing renal blood flow and glomerular filtration rate, increases sodium retention, and activates the RAAS through increased renin release from the juxtaglomerular cells (DiBona, 2000; Johns et al., 2011). Angiotensin II AT1 receptor activation affects oxygen availability in the kidney by acting on both its delivery (vasoconstriction) and consumption (increased metabolic rate, decreased efficiency, or both). Angiotensin II-induced reduction in renal blood flow is associated with the reduction of partial pressure of oxygen in the renal cortex (Welch et al., 2005; Emans et al., 2016). Interestingly, in the two kidney one clip model of renovascular hypertension, renal angiotensin II is increased in both kidneys from the first week post clipping (Sadjadi et al., 2002). This suggests that the induced hypoxic-hypoperfusion in the ipsi-lateral kidney also activates the RAAS in the contra-lateral kidney (perhaps via a renorenal reflex) in the development of renovascular hypertension in this model.

By increasing angiotensin II within the kidney, HIF, and erythropoiesis pathways may be triggered to increase oxygen delivery systemically. This in line with the fact that angiotensin II infusion reduces cortical partial pressure of oxygen (Welch et al., 2005; Emans et al., 2016) and increases erythropoietin production in the kidney (Gossmann et al., 2001; Jelkmann, 2011; Calo et al., 2015). Once active, the HIF and erythropoiesis pathways act as feedforward mechanisms. For instance, the increased renal angiotensin II further exaggerates the efferent sympathetic input and sodium retention by abolishing the renorenal reflex, as reviewed by Johns et al. (2011). We cannot exclude that aldosterone also plays a role in our hypothesized cooperative oxygen sensing and blood pressure control. Increased aldosterone secretion is associated with hypertension (Laragh et al., 1960; Mackenzie and Connell, 2006). Clinical studies have shown that aldosterone blockade is the most effective add-on drug (step 4 treatment in the NICE guidelines; www.nice.org.uk/Guidance/CG127) for the treatment of resistant hypertension (Epstein and Duprez, 2016). However, the role of the mineralcorticoid receptor in relation with cooperative sensing of hypoxia by the kidney and carotid body is completely unknown.

Taken together, activation of renal afferents (discussed previously) and the RAAS act as two distinct feedback systems during acute and chronic hypoxia sensing by the kidney. As hypoxia is relative to physiological tissue oxygen pressure these feedback systems are likely to have overlapping hypoxia thresholds for their activation and play intricate roles in both acute and/or chronic changes in tissue oxygenation.

Carotid Body and Renin-Angiotensin Aldosterone System in Hypertension

Locally generated angiotensin II increases carotid body afferent discharge (Lam and Leung, 2002) and increases the intracellular calcium levels via activation of AT1 receptors in carotid body type I (Fung et al., 2001) and type II (Murali et al., 2014) cells. Murali and coworkers hypothesized that angiotensin II AT1 receptor-mediated pannexin-1 channel dependent ATP release in type II cells serves as a boost for carotid body excitation (Murali et al., 2014), which may be specially relevant in conditions where local angiotensin II is elevated such as chronic heart failure (Li et al., 2006), sleep apnea (Lam et al., 2014), and in the hypertensive state. Chronic hypoxia induces angiotensin II AT1 receptor expression in the carotid body (Lam et al., 2014). Blockade of angiotensin II AT1 receptors prevents chronic intermittent hypoxia-mediated reactive oxygen species production in the carotid body (Lam et al., 2014) and the development of hypertension (Fletcher et al., 1999). In fact, angiotensin II AT1 receptor activation has been shown to induce sensory long term facilitation of the carotid body via NADPHoxidase (Peng et al., 2011b). Importantly, in chronic intermittent hypoxia, carotid body afferent nerve activation is also mediated by angiotensin II AT1 receptors (Marcus et al., 2010). Moreover, reducing the blood flow (hypoxic-hypoperfusion) to carotid body by carotid artery occlusion elevated angiotensin II AT1 receptor expression in carotid body and increased chemoreceptor activity in the rabbit (Ding et al., 2011). Activation of angiotensin II AT1 receptor in vitro (hence independently of vasoconstriction) by AngII activated afferent chemoreceptor activity (Allen, 1998). Importantly, blocking angiotensin II AT1 receptor receptors in isolated carotid body blunts angiotensin II AT1 receptor -dependent carotid body sensitivity (Li et al., 2007).

Many mechanisms govern carotid body signaling, including ATP-gated ion channels (called purinergic P2X receptors), specifically the C-fiber-localized, P2X3-receptor subtypes, which are commonly associated with afferent sensitization and might contribute to hyper-reflexic disease states in a variety of organs. We found that in spontaneously hypertensive rats P2X3 receptors are upregulated and that blockade of P2X3 receptors was effective at reducing blood pressure and sympathetic activity in the spontaneously hypertensive rats but had no effect in normotensive control rats (Pijacka et al., 2016b). Interestingly chronic angiotensin II infused hypertensive rats have upregulated intrarenal P2X1 receptors (Franco et al., 2011).

Taken together this underlines the important role RAAS in carotid body can play in hypoxia sensing, possibly via purineric signaling. Potentially the kidney could trigger the carotid body via RAAS activation, compounding renal sympathetic activity (driving renal afferents) which will exaggerate RAAS activity. If this is true a continued carotid body drive could be deleterious to the kidney causing over excitation of renal afferents, genomic changes, resulting in a double wind up of the systems and ultimately cause persistent hypertension.

COMMONALITY IN THE HIF PATHWAY AND ITS ROLE IN COOPERATIVE OXYGEN SENSING BY THE KIDNEY AND CAROTID BODY

When tissue oxygen levels drop chronically, expression of the HIF-1α and−1β subunits increase. The HIF-1 α/β heterodimer binds and activates expression of various genes including those encoding glycolytic enzymes (for anaerobic metabolism), vascular endothelial growth factor (for angiogenesis), inducible nitric oxide synthase and heme oxygenase-1 (for production of vasodilators), erythropoietin (for erythropoiesis), and possibly tyrosine hydroxylase (for dopamine production to increase breathing) (Guillemin and Krasnow, 1997). These genes help the cell survive at low oxygen and act to restore normal oxygen levels.

In the normal, fully developed kidney, HIF-1α is expressed in most cell types, whereas HIF-2α is mainly found in renal interstitial fibroblast-like cells and endothelial cells. The HIF pathway has been implicated with renal development, normal kidney function, and disease (Haase, 2006). Recently HIF-1α mRNA has been suggested to be a potential biomarker in chronic kidney disease, and comes primarily from cells of renal origin (Movafagh et al., 2017). Interestingly, the carotid body glomus cells constitutively overexpress HIFs and certain HIF transcriptional targets that are normally part of the counteractive mechanism against the negative impacts of sustained hypoxia (Zhou et al., 2016). Specifically, the glomus cells transcriptionally upregulate atypical mitochondrial electron transfer chain components, suggesting unique mitochondria are present in the carotid body and may be responsible for oxygen sensing (Zhou et al., 2016).

A few years ago, Gassmann and Soliz postulated that there was a crosstalk between the ventilatory and erythropoietin responses and suggested that the chemoreflex pathway may be activated by circulating erythropoietin (Brines et al., 2004; Gassmann and Soliz, 2009). In fact, circulating erythropoietin, acting on its receptors present in the carotid body improves the hypoxic ventilatory response (Soliz et al., 2005) suggesting a key role of erythropoietin for hypoxia adaption beyond the classical regulation of erythropoiesis (Pichon et al., 2016). Interestingly, in models of chronic and intermittent hypoxia, erythropoietin and its receptor are upregulated in the carotid body which may promote enhanced excitability and contribute to the pathophysiology of breathing disorders (Lam et al., 2009).

Balanced expression of the HIF-α isoforms is essential for the correct functioning of oxygen sensing in the carotid body (Yuan et al., 2013; Prabhakar and Semenza, 2016). HIF-1α is expressed in both type I and type II cells of the carotid body, while HIF-2α is only expressed in type I cells (Roux et al., 2005). The carotid body chemoreflex response to acute and chronic hypoxia is blunted when HIF-1α expression is reduced (Kline et al., 2002; Yuan et al., 2011, 2013). Conversely, acute and chronic hypoxic sensitivity is enhanced when HIF-2α is reduced (Nanduri et al., 2009; Peng et al., 2011a; Yuan et al., 2013). The balance between the two isoforms may be implicated in the genesis of aberrant signaling during pathology. For instance, intermittent hypoxia in rodents is associated with increased HIF-1α and reduced HIF-2α protein in the carotid body (Nanduri et al., 2009). In these conditions, carotid body chemoreceptor signaling to the adrenal medulla selectively upregulates HIF-1α expression, inducing catecholamine secretion and blood pressure rise (Peng et al., 2014; Kumar et al., 2015), the latter is eliminated by adrenal demedullation (Bao et al., 1997). Restoring the levels of HIF-2α also prevents oxidative stress and blood pressure increase during intermittent hypoxia exposure (Nanduri et al., 2009). This demonstrates the contribution of HIF-1α pathway in the carotid body and its influence in increasing blood pressure.

As angiotensin II stimulates the HIF-1α pathway (see for example, Imanishi et al., 2014; Luo et al., 2015) RAAS activation could potentially cause an imbalance between HIF-α isoforms in the carotid body. This is supported by the fact that carotid body sensitivity is reduced when angiotensin II AT1 receptors are blocked (see discussion above) (Li et al., 2007). Whether there is a direct link between HIF and erythropoiesis pathways with the cooperative oxygen sensing by the kidney and carotid body, is unknown and will be off great interest to be studied in further detail.

CLINICAL PERSPECTIVE

Our hypothesis on the cooperative oxygen sensing by the kidney and carotid body in blood pressure control could be of great relevance in the pursuit of novel ways to treat hypertension and cardiovascular disease (see Box 1). Reducing or eliminating the activity of the carotid body specifically is emerging as a viable target in diseases in which there is autonomic imbalance such as hypertensive conditions. Potentially, in resistant hypertensive patients that do not respond to renal denervation, concomitant elimination of carotid body activity could have a therapeutic benefit, as proposed by McBryde et al. (2017). Currently, surgical removal of the carotid body is the only way to reduce carotid body activity chronically in humans. Targeting aberrant hypoxia-mediated activation of renal and carotid body afferent activity would be potentially highly effective clinically.

Hydrogen sulfide, H2S, a gaseous endogenous signaling molecule, is increasingly identified to be involved in numerous cardiovascular (patho)physiology (Snijder et al., 2014, 2015; Xie et al., 2016; Huang et al., 2017; Merz et al., 2017). In the kidney, H2S exerts significant diuretic, natriuretic and kaliuretic effects by raising glomerular filtration rate and inhibiting tubular sodium re-absorption (Xia et al., 2009). In the renal medulla, H2S acts as an oxygen sensor where its accumulation in hypoxic conditions helps to restore oxygen balance by increasing medullary blood flow, reducing energy requirements for Na+ transport, and directly inhibiting mitochondrial respiration (Beltowski, 2010). Interestingly both low H2S levels and mitochondrial dysfunction have been found in humans (Granata et al., 2009; Perna and Ingrosso, 2012) and in animal models (Aminzadeh and Vaziri, 2012; Perna and Ingrosso, 2012; Gong et al., 2016) with cardiovascular disease. However, it remains to be established if intervention aimed to improve H2S levels, e.g., AP39, which proved to specifically increase H2S in the mitochondria (Ahmad et al., 2016; Chatzianastasiou et al., 2016) can alleviate tissue hypoxia and reduce blood pressure.

Pre-clinical and clinical evidence suggests that Finerenone, a next-generation non-steroidal dihydropyridine-based aldosterone antagonist, may achieve equivalent organ-protective effects with fewer adverse effects and reduced levels of electrolyte disturbance (Kolkhof et al., 2014; Bramlage et al., 2016). The latter is important for its potential applicability for patient with impaired renal function. This in combination with the above mentioned unknowm relation of the mineralcorticoid receptor with cooperative sensing of hypoxia by the kidney and carotid body invites for further pre-clinical research of Finerenone for the treatment of cardiovascular and renal hypertensive disease.

The argument can be made that pharmacological intervention that mimics and enhances natural, physiological response to disease may be preferable to single protein regulation. A promising approach to protect organisms against hypoxia, is upregulation of HIFs, which results in a broad and coordinated downstream reaction, possibly increasing cellular tolerance to hypoxia and thereby alleviating the double windup of RAAS and sympathetic hyperactivity that is responsible to the hypertensive state. Indeed, pre-conditioning by HIFα protein stabilization conferred protection in several models of acute renal ischemia (Bernhardt et al., 2009; Jarmi and Agarwal, 2009; Yang et al., 2009; Wang et al., 2012; Koeners et al., 2014). Furthermore, HIF stabilizing compounds are currently being investigated in clinical trials as a treatment for anemia (Besarab et al., 2016; Holdstock et al., 2016; Pergola et al., 2016). However, a major concern for clinical use includes the “broad pharmacology” of HIF stabilization due to the upregulation of many genes, including proteins that have been targeted for inhibition by marketed drugs (e.g., vascular endothelial growth factor, cyclooxygenase−2), in all tissues some of which may not be hypoxic. A potential way to circumvent unwanted effects of systemic HIF stabilization is to develop novel hypoxia activated pro-drugs, which are currently under development for targeting hypoxia in cancer therapy (Wilson and Hay, 2011). Hypothetically these pro-drugs will only be activated in specifically targeted hypoxic tissues like kidney and/or carotid body and thereby being able to alleviate hypoxia-mediated renal and carotid body afferent signaling, unrestrained RAAS activation and hence reduce blood pressure in hypertension.

Theoretically, all these therapies are effective only in patients whose have prolonged and/or severe tissue hypoxia. We know that, for example in the kidney, tissue oxygenation can vary wildly within and between individuals and follows a diurnal pattern. The latter, possibly due to variations in oxygen delivery, which is known to be determined by renal blood flow and peaks in the active phase (Emans et al., 2017), can act as cue for circadian clock genes via the HIF pathway (Adamovich et al., 2017). Thus, it is important to identify patients with tissue hypoxia, i.e., more responsive to hypoxia-oriented therapies. We believe that Magnetic Resonance Imaging (MRI) like blood oxygenation-level dependent (BOLD) MRI (Pruijm et al., 2016) and hyperpolarized MRI (Laustsen, 2016; Laustsen et al., 2016) represent very exciting tools to help us to elucidate the role of tissue oxygen metabolism in hypertension and other cardiovascular diseases.
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Background: This paper outlines a multiparametric renal MRI acquisition and analysis protocol to allow non-invasive assessment of hemodynamics (renal artery blood flow and perfusion), oxygenation (BOLD T2*), and microstructure (diffusion, T1 mapping).

Methods: We use our multiparametric renal MRI protocol to provide (1) a comprehensive set of MRI parameters [renal artery and vein blood flow, perfusion, T1, T2*, diffusion (ADC, D, D*, fp), and total kidney volume] in a large cohort of healthy participants (127 participants with mean age of 41 ± 19 years) and show the MR field strength (1.5 T vs. 3 T) dependence of T1 and T2* relaxation times; (2) the repeatability of multiparametric MRI measures in 11 healthy participants; (3) changes in MRI measures in response to hypercapnic and hyperoxic modulations in six healthy participants; and (4) pilot data showing the application of the multiparametric protocol in 11 patients with Chronic Kidney Disease (CKD).

Results: Baseline measures were in-line with literature values, and as expected, T1-values were longer at 3 T compared with 1.5 T, with increased T1 corticomedullary differentiation at 3 T. Conversely, T2* was longer at 1.5 T. Inter-scan coefficients of variation (CoVs) of T1 mapping and ADC were very good at <2.9%. Intra class correlations (ICCs) were high for cortex perfusion (0.801), cortex and medulla T1 (0.848 and 0.997 using SE-EPI), and renal artery flow (0.844). In response to hypercapnia, a decrease in cortex T2* was observed, whilst no significant effect of hyperoxia on T2* was found. In CKD patients, renal artery and vein blood flow, and renal perfusion was lower than for healthy participants. Renal cortex and medulla T1 was significantly higher in CKD patients compared to healthy participants, with corticomedullary T1 differentiation reduced in CKD patients compared to healthy participants. No significant difference was found in renal T2*.

Conclusions: Multiparametric MRI is a powerful technique for the assessment of changes in structure, hemodynamics, and oxygenation in a single scan session. This protocol provides the potential to assess the pathophysiological mechanisms in various etiologies of renal disease, and to assess the efficacy of drug treatments.

Keywords: magnetic resonance imaging, hemodynamics, oxygenation, renal function, arterial spin labeling

INTRODUCTION

Magnetic Resonance Imaging (MRI) offers the possibility to non-invasively assess the structure of the kidney as well as renal function in a single scan session. This article outlines the development of a quantitative functional multiparametric renal MRI protocol to probe hemodynamics (total and regional blood flow, perfusion), oxygenation [Blood Oxygen Level Dependent (BOLD) T2* imaging], and microstructure (diffusion weighted imaging, longitudinal relaxation time T1 mapping) and describes associated analysis methods. This multiparametric MRI protocol is applied in healthy participants, to assess both reproducibility and the field strength dependence of MRI parameters between 1.5 and 3 Tesla (T). In addition, studies are performed in healthy participants to evaluate the possibility of using hypercapnia and hyperoxia to monitor changes in renal BOLD and T1 reactivity. Finally, pilot data demonstrating the feasibility of this multiparametric protocol in Chronic Kidney Disease (CKD) is shown.

The kidney is an intricate organ which regulates electrolytes, acid-base balance, and blood pressure and filters blood to remove water soluble waste products (Skorecki et al., 2016). Regulation of renal tissue oxygenation is complex, because renal blood flow is not only needed to prevent hypoxic injury but is inextricably linked to the requirement for glomerular filtration. The kidney's response to hypoxia cannot simply be an increase in renal blood flow, as this would also increase oxygen demand; a number of hemodynamic mechanisms are required to regulate the fine balance between oxygen delivery and consumption, and these can be measured using multiparametric MRI.

Oxygen delivery is determined by arterial blood flow, which is regulated by arterial blood pressure and intrarenal vascular resistance, local tissue perfusion and blood oxygen content (Evans et al., 2008). Arterial blood is supplied to the kidney via the renal artery, and blood flow can be estimated from phase contrast MR. The renal artery sequentially divides into segmental, interlobar, arcuate, and interlobular arteries before finally reaching the afferent arterioles that supply the glomeruli. The renal microcirculation varies depending on the location of each nephron within the cortex. In the outer cortex, glomerular efferent arterioles give rise to a capillary network that surrounds the tubules, important for reabsorption of water and electrolytes. In contrast, the efferent arterioles supply the medulla and give rise to the vasa recta, the long unbranched capillary loops that run into the inner medulla associated with the loop of Henle, as well as capillaries in the outer medulla. This facilitates concentration of urine in the medulla, but also has consequences for oxygenation.

The majority of arterial blood delivered to the kidney is directed toward the renal cortex, which primarily is responsible for filtration and tubular reabsorption; 5–15% is delivered to the medulla, whose purpose is concentration of the urine by maintaining a hypertonic environment. Despite the much lower proportional blood flow, the absolute blood flow to the medulla is still significant, reflecting large total renal blood flow (~20% of cardiac output), and a number of physiological and pathological conditions can produce significant redistribution of renal blood flow. However, a significant cortico-medullary oxygen gradient exists, with the inner medulla having a tissue oxygenation (pO2) as low as 10 mmHg, compared to 50 mmHg in the cortex. MR potentially provides a non-invasive method to assess this change in tissue oxygenation.

Tubular epithelial transport allows the kidney to regulate volume and composition of urine, but has significant energy and oxygen requirements. Reabsorption of sodium is the main determinant of oxygen consumption (Blantz et al., 2007; Thomson and Blantz, 2008), so that oxygen consumption is related to renal function, with reductions in glomerular filtration rate (GFR) resulting in a lower filtered load and lower requirement for sodium reabsorption. Renal perfusion is driven primarily by the need to maintain glomerular filtration rather than oxygenation, and therefore arteriovenous shunting of oxygen occurs to prevent hyperoxic tissue injury (via peri-glomerular shunts and between arterial and venous limbs of the vasa recta).

Although the kidney can reduce oxygen consumption in response to hypoxia, the lower pO2 in the medulla increases its propensity to ischemic damage, which is considered a key pathogenic event in acute kidney injury (AKI) and CKD (Venkatachalam et al., 2010). Since multiple interacting mechanisms operate in concert to provide tight regulation of intrarenal oxygenation, dysfunction of these mechanisms may contribute to the pathogenesis of kidney disease. For example, vascular morphologic changes may occur such as, capillary rarefaction as well as factors that affect regional blood flow and oxygen diffusion e.g., upregulation of the renin-angiotensin or sympathetic nervous systems (Adler et al., 2004). Alternatively, other changes may impact regional oxygen utilization such as alterations in global and single nephron GFR, drugs interfering with glomerular hemodynamics or tubular transport and hydration status. In addition to the complexity of kidney function, renal diseases such as CKD are diverse in terms of pathophysiological processes, etiology and outcomes, highlighting the need for multiparametric MRI measures. Renal perfusion and tissue oxygenation appear central integrating factors in kidney disease, highlighting the need to perform a combined assessment of these parameters, and regardless of the nature of initial insult, fibrosis is the final common pathway.

The potential use of complementary MRI techniques to non-invasively assess multiple parameters to provide a wealth of information on renal blood flow and regional perfusion, tissue oxygenation, and degree of fibrosis, as well as behavior in low or high oxygen or carbon dioxide, will undoubtedly aid the understanding of kidney disease. Prior to the use of MRI in kidney disease, the reproducibility of MRI measures and their dependence on different factors must be understood in normal tissue.

Here, we assess the inter-subject variability, repeatability, and field strength dependence of multiparametric MRI measures in healthy participants. Physiological modulations such as, hyperoxia and hypercapnia are performed, and pilot data are shown to illustrate the feasibility of detecting changes in MR measures in CKD.

MATERIALS AND METHODS

Study Design

Studies were carried out according to the principles of the Declaration of Helsinki. Healthy participant studies were approved by the Local Ethics Committee and patient studies were approved by the East Midlands Research Ethics Committee. Written informed consent was obtained from all participants.

Imaging was performed on either a 1.5 or 3 T Philips whole body MR scanner. Data is presented from studies that use the multiparametric renal MRI protocol, comprising quantification of renal blood flow and perfusion, renal oxygenation, and markers of renal microstructural change due to fibrosis/inflammation. All data was collected with subjects fasted for at least 2 h prior to their scan.

Variability, Repeatability, and Field Strength Dependence in Healthy Participants

Here, we evaluate the variation in MRI measures within normal tissue of a healthy participant cohort, specifically we assess renal artery and renal vein blood flow [as measured with phase contrast (PC)-MRI], kidney perfusion [as measured with arterial spin labeling (ASL)], T1 measures [and a comparison of readout schemes: spin echo–echo planar imaging (SE-EPI) and balanced fast field echo (bFFE)], tissue oxygenation (from BOLD T2*), diffusion weighted imaging (DWI), and total kidney volume. Data collated across a number of studies are first shown, giving a cohort of 127 participants (88 male) with mean age of 41 ± 19 years. This data is then divided into two groups comprising healthy participants <40 years and >40 years [see Section Application in Chronic Kidney Disease (CKD)]. In addition the field strength dependence of MR relaxation times is assessed. Since clinical MR scanners at both 1.5 and 3 T are now widely available, the field dependence of MR relaxation time measures of T1 (using both SE-EPI and bFFE) and T2* for renal cortex and renal medulla was assessed.

A subset of 11 participants (age 20–28 years, body mass index 20–26 kg/m2) had two/three repeat 3 T scans at the same time of day and after an overnight fast to limit diurnal and dietary variability. To determine the between session repeatability of MRI measures, the intra-subject Coefficient of Variation (CoV; defined as the standard deviation/mean) and intra class correlation (ICC, average measures, two-way random, absolute agreement) were assessed.

Physiological Modulation in Healthy Participants

Physiological modulations, such as gas enrichment by hypercapnia, hyperoxia, or carbogen (hypercapnic-hyperoxia; Milman et al., 2013) may provide a more sensitive marker to assess changes in renal oxygenation and microcirculation reactivity and functionality, and changes in these parameters associated with pathology. Here, we assess the change in MRI parameters in healthy participants in response to hypercapnia and hyperoxia. We induced hypercapnia and hyperoxia using a sequential gas delivery breathing circuit and a prospective, feed-forward gas delivery system (Respiract™, Thornhill Research Inc., Toronto, Canada) to control and monitor end-tidal oxygen (PETO2) and carbon dioxide (PETCO2) partial pressures. Hypercapnia was targeted at PETCO2 ~6 mmHg above the subjects' baseline value whilst keeping PETO2 constant at the subjects' resting value, the paradigm comprised 5 min normoxia and 5 min of hypercapnia. Hyperoxia was targeted at PETO2 ~500 mmHg with PETCO2 targeted to remain constant at the subjects' resting value. The paradigm comprised 5 min normoxia and 5 min of hyperoxia, PETO2 was increased/decreased over a 1 min transition period.

BOLD T2* was measured at 3 T using a multi-gradient echo Fast Field Echo (mFFE) sequence in six healthy participants (3 male, mean age 25 years, range 22–28 years) during the hyperoxia and hypercapnia challenge. T1 was measured during a hyperoxic challenge in five healthy participants (3 male, mean age 26 years, range 22–31 years) using an inversion recovery sequence with modified respiratory triggering and a bFFE readout at 3 T.

Application in Chronic Kidney Disease (CKD)

To demonstrate the feasibility of use of the multiparametric MR protocol in patients, 11 patients with CKD Stage 3 or 4 were scanned (inclusion criteria: estimated GFR 15–66 ml/min/1.73 m2, age 18–85 years). Baseline blood pressure and estimated GFR of the patients was recorded. The complete multiparametric protocol was performed comprising of localizer scans, PC-MRI, ASL, T1, T2*, and DWI data as described below. All scans were acquired in approximately 45 min.

The Multiparametric MRI Protocol

Figure 1 outlines the key MRI parameters within the multiparametric protocol, these measures can all be performed within a 45 min scan session. All mapping data are collected with matched geometry with slices in a coronal-oblique plane through the long axis of the kidneys, allowing automated interrogation of the resulting multiparametric maps. All data is acquired using respiratory triggering or an end-expiration breath hold to ensure data is acquired at the same point in the respiratory cycle. Each of the parameters within this protocol are outlined below.
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FIGURE 1. Multiparametric non-invasive renal MRI protocol.



Localizers and Kidney Volume Assessment

Balanced turbo field echo (bTFE) scans are acquired in three orthogonal planes (30 slices of 1.75 × 1.75 × 7 mm3 resolution, data collected in single breath hold per orientation). These scans provide a localizer to allow accurate planning of subsequent images, and segmentation of these images yields total kidney volume.

Phase Contrast (PC)-MRI to Assess Renal Artery and Vein Blood Flow

Prior to the PC-MRI acquisition, an angiogram is acquired to plan the placement of the PC-MRI renal artery slice to ensure that it is positioned prior to any bifurcations of the artery.

PC-MRI is then used for the measurement of blood flow in the renal arteries and veins (Debatin et al., 1994; Schoenberg et al., 1997; Bax et al., 2005; Park et al., 2005; Dambreville et al., 2010). PC-MRI is performed using a single slice TFE image placed perpendicular to the vessel of interest. Multiple phases are collected across the cardiac cycle when imaging the renal artery (20 phases) and renal vein (15 phases). Imaging parameters use a flip angle of 25°, reconstructed resolution 1.2 × 1.2 × 6 mm3, and velocity encoding of 100/50 cm/s for renal artery and vein, respectively. Each measurement is acquired during a single 15–20 s breath hold, dependent on the subjects' heart rate.

Arterial Spin Labeling (ASL) to Assess Renal Cortex Perfusion

ASL uses magnetically labeled water protons in blood that act as a diffusible tracer, providing an internal endogenous contrast. By subtracting labeled images (radiofrequency magnetic labeling) from control images (no labeling applied), perfusion maps can be quantified using a kinetic model (Buxton et al., 1998). Renal tissue perfusion assessed by ASL has been implemented in healthy (Karger et al., 2000; Martirosian et al., 2004; Boss et al., 2005; Kiefer et al., 2009; Gardener and Francis, 2010; Cutajar et al., 2012, 2014; Park et al., 2013; Gillis et al., 2014; Tan et al., 2014; Hammon et al., 2016), transplanted (Artz et al., 2011a,b; Niles et al., 2016) and diseased (Michaely et al., 2004; Boss et al., 2005; Fenchel et al., 2006; Ritt et al., 2010; Rossi et al., 2012; Dong et al., 2013; Heusch et al., 2013; Tan et al., 2014) kidneys.

To measure renal cortex perfusion, we have implemented a respiratory-triggered FAIR (Flow-sensitive Alternating Inversion Recovery) ASL scheme. For imaging, we use either a SE-EPI or bFFE readout. Typical imaging parameters at 3 T are a post label delay (PLD) time of 1,800 ms (depending on choice of readout scheme and field strength Buchanan et al., 2015), 40 label/control pairs, 288 × 288 mm field of view, 3 × 3 × 5 mm3 voxel resolution. A SE-EPI readout provides good spatial coverage, allowing multiple slices to be acquired in a short acquisition time over the ASL signal curve (five slices in ~ 300 ms at 3 T). A bFFE readout provides the benefit of high spatial resolution, typically 1.5 mm in-plane spatial resolution and 5 mm slice thickness, however this can limit slice coverage due to the increased acquisition time per slice (~ 250 ms slice spacing at 3 T). Since ASL is a subtraction technique, we use respiratory triggering to minimize the effects of respiratory motion leading to misalignment or blurring. It is important to take into account the arrival time of the blood to the tissue when quantifying perfusion, particularly in disease where the arrival time can be increased, resulting in an apparent reduction in perfusion. A separate scan to assess the arrival time of the blood to the tissue is acquired, by collecting ~4 label/control pairs at shorter PLD times (500, 700, 900, 1,100 ms). A base equilibrium M0 scan and T1 map are also required for accurate perfusion quantification. Depending on respiratory rate, scan time for 40 label/control pairs of ASL data is approximately 6 min, with a further 2 min for assessment of arrival time and collection of a base M0 scan.

Longitudinal Relaxation Time T1 Mapping

The assessment of the longitudinal relaxation time T1 of tissue is essential for the quantification of ASL perfusion. Recently, T1 mapping alone has been shown to provide an important parameter by which to evaluate fibrosis (due to the association of collagen with supersaturated hydrogel) or inflammation (interstitial edema, cellular swelling). T1 has been shown to correlate well with fibrosis and edema in the myocardium (Iles et al., 2008; Jellis and Kwon, 2014), liver (Hoad et al., 2015; Tunnicliffe et al., 2017), and more recently in the kidney (Friedli et al., 2016).

Here, an inversion recovery sequence with a modified respiratory triggering scheme (Figure 2) has been developed to minimize respiratory-induced abdominal motion between images of differing contrast collected across the range of inversion times required to compute a T1 map. The respiratory trigger is applied at the peak of inspiration in the respiratory cycle and the image is then acquired at a constant time following this trigger, during the flat end-expiration period of the respiratory cycle. A variable delay, Tv, is introduced between the respiratory trigger and the inversion pulse which is followed by the inversion time, TI, between the inversion pulse and image acquisition. By holding the total time period Tv + TI constant, this results in all image readouts for all inversion times being collected at a constant time of (Tv + TI) following the respiratory trigger and as such all images are aligned across the inversion times. The time (Tv + TI) is chosen to be at the end-expiration period of the respiratory cycle to minimize any potential motion artifacts.
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FIGURE 2. Modified respiratory triggered inversion recovery sequence shown for (A) short (TI1) and (B) long (TI2) inversion time. By altering the variable delay, Tv, each image acquisition is collected at a constant time (Tv + TI) following the respiratory trigger. First arrow indicates the respiratory trigger (“Respiratory Trigger”), second the inversion pulse (“Inversion”), and the shaded block indicates the image acquisition readout (“Acquisition”).



Here, we use either a SE-EPI or bFFE readout scheme for T1 mapping. In general, the same readout scheme as is used for the ASL acquisition is chosen. Importantly, the chosen image readout scheme has an impact on the measured T1 value. A SE-EPI readout scheme provides a “true” T1 value, whereas a bFFE readout scheme results in an “apparent” T1, shorter than the “true” T1 due to the influence of transverse relaxation rates (T2/T2*; Schmitt et al., 2004). At 3 T, we typically collect 13 inversion times of 200, 300, 400, 500, 600, 700, 800, 900, 1,000, 1,100, 1,200, 1,300, and 1,500 ms in a total scan time of <3 min. For a multi-slice bFFE readout, the temporal slice spacing is longer (~250 ms at 3 T) than for a SE-EPI (~60 ms at 3 T) readout, and therefore the dynamic range of TIs can be increased by acquiring the scans ascend, descend and interleaved slice order.

An alternative scheme for T1 mapping is to use a modified look-locker inversion recovery (MOLLI) sequence originally developed for cardiac T1 mapping. This typically involves the acquisition of a cardiac-gated single-shot MOLLI sequence using a bFFE readout [23] with a 3(3)3(3)5 sampling pattern collected in a breath hold. However, this acquisition scheme is not best suited to the kidney, since it is cardiac triggered, requires a number of breath holds for complete coverage of the kidneys, and does not match the ASL acquisition readout scheme, and so it is not implemented in our multiparametric protocol.

Diffusion Weighted Imaging (DWI)

DWI assesses the thermally induced Brownian motion of water within tissues, which can be quantified from the Apparent Diffusion Coefficient (ADC). ADC may also be affected by factors such as tubular flow and capillary perfusion, which can be better distinguished using the IntraVoxel Incoherent Motion (IVIM) model to quantify pure diffusion (D; Le Bihan et al., 1988). In DWI, at least two single-shot echo-planar images are acquired without and with diffusion weighting gradients (b-values) from which molecular diffusion can be quantified and spatially mapped. It is important to note that the quantification of the ADC is affected by the b-values acquired. In this multiparametric protocol, DWI data is acquired with a SE-EPI readout at multiple b-values (for example, 11 b-values of 0, 5, 10, 20, 30, 50, 100, 200, 300, 400, 500 s/mm2). The highest b-value is chosen such that the echo time (TE) does not become so long as to limit the signal-to-noise ratio (SNR) of the image. Typically a 288 × 288 mm field of view is used with 3 × 3 × 5 mm3 voxel resolution which has a minimum TE of 56 ms. This sequence is acquired with respiratory triggering such that the image readouts are collected at the end-expiration period. For 11 b-values, the acquisition time is approximately 8 min.

Blood Oxygenation Level Dependent (BOLD) Imaging to Assess Tissue Oxygenation

BOLD MRI exploits the paramagnetic properties of deoxygenated blood, which acts to shorten the transverse relaxation time constant (T2*)—alternatively expressed as the relaxation rate R2* (1/T2*)—a measure which provides an indirect non-invasive assessment of oxygen content. Higher R2* (or lower T2*) is an indicator of lower tissue pO2. BOLD MRI is more sensitive at detecting changes in medullary compared to cortical pO2 due to their relative positions on the oxygen dissociation curve—cortical pO2 lies near the plateau of the hemoglobin oxygenation curve and medullary pO2 lies on the linear part of the curve, thus a large change in local pO2 is needed to cause a similar change in R2* for the cortex compared to the medulla. The use of BOLD MRI to measure renal oxygenation has been extensively studied. However, it should be highlighted that a number of other factors, such as, hydration status, dietary sodium intake, and susceptibility effects also alter BOLD R2* (Pruijm et al., 2017), this can make it difficult to draw definite conclusions from its independent use. For a review of this technique, see Pruijm et al. (2017). In this multiparametric protocol, BOLD T2* data is acquired using a mFFE sequence with multiple slices. Typical imaging parameters are 1.5 mm in-plane resolution, 5 mm slice thickness, initial TE 5 ms, TE spacing 3 ms, 12 echoes, flip angle 30°. Each measurement is acquired in a single ~17 s breath hold.

Analysis of Multiparametric MRI

Kidney Volume Assessment

Analyze9 software (AnalyzeDirect, Overland Park, KS) is used to define a region of interest around the kidneys on each bTFE localizer image slice. Total kidney volume can then be calculated by summing across all slices, typically the coronal slices are used for organ volume measures. Analysis time is approximately 10 min.

PC-MRI Renal Blood Flow Assessment

A region of interest is placed over the vessel using Q-flow software (Philips Medical Systems, Best, NL). Mean flow velocity (cm/s), mean cross-sectional area of the lumen (mm2), and hence mean bulk renal blood flow (ml/s) over the cardiac cycle, are calculated for each vessel. Total perfusion of each kidney can then be calculated by correcting the renal blood flow to kidney volume. Analysis time is approximately 2 min per vessel.

Multiparametric Interpretation

Combining multiparametric MRI maps adds considerable insight into the underlying physiology. We have developed a multiparametric image analysis program (MATLAB, The Mathworks Inc., Natick, MA) that generates and combines the parametric ASL perfusion, T1, diffusion, and BOLD T2* maps in the same data space. The multiparametric maps can then be used to perform multivariate analysis of structural and hemodynamic measures in automated regions of interest in the cortex and medulla.

Mapping perfusion from ASL data

Individual perfusion weighted difference images (control-label) are calculated, inspected for motion (exclude >1 voxel movement) or realigned, and averaged to create a single perfusion-weighted (ΔM) map. ΔM, T1 maps (see below), and M0 maps are then used in a kinetic model (Equation 1; Buxton et al., 1998) to calculate tissue perfusion (f) maps (in ml/100 g tissue/min). T1,blood is assumed to be 1.55 s at 3 T and 1.36 s at 1.5 T (Dobre et al., 2007), whilst λ, the blood-tissue partition coefficient, is assumed to be 0.8 ml/g for kidney. Analysis time is approximately 10 min.
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Longitudinal relaxation time (T1) mapping

Inversion recovery data is fit on a voxel-by-voxel basis to Equation (2) to generate a “true” T1 map for the SE-EPI readout, for the bFFE readout an “apparent” T1 map is obtained. Analysis time is approximately 3 min of user intervention, and up to 1 h processing time on a standard pc.

[image: image]

Mapping ADC, D, D*, and fp from DWI data

DWI data are fit to form ADC maps (in mm2/s) by taking the log of the exponential signal decay (Equation 3). In addition, since the DWI data is collected at a number of b-values, it is possible to model the bi-exponential IVIM model (Equation 4). In the IVIM model, D (in mm2/s) is the pure tissue molecular diffusion coefficient representing the diffusion coefficient of slow or non-perfusion-based molecular diffusion, D* (in mm2/s) is the pseudodiffusion coefficient which is the fast or perfusion-based molecular diffusion representing intravoxel microcirculation or perfusion, and fp is the perfusion fraction (%) of the voxel (Le Bihan et al., 1988; Koh et al., 2011). To fit data to the IVIM model, D was first fit to Equation (3) for b-values of >200 s/mm2, this assumes that the pseudodiffusion component D* can be neglected above this value. Second, fp was determined from the zero intercept of this fit. Finally, D* was obtained from the monoexponential fit using the precalculated values of D and fp (Suo et al., 2015). Analysis time is approximately 5 min of user intervention, and up to 5 min processing time on a standard pc.
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BOLD MRI to map T2*/R2*

mFFE data are fit voxelwise using a weighted echo time (TE) fit to form T2*/R2* maps from the log of the exponential signal decay (Equation 5). Analysis time is approximately 5 min.

[image: image]

Interpretation of multiparametric maps

Binary whole kidney masks are formed from the manual segmentation of the base equilibrium M0 scan or T1 map. To distinguish renal cortex and medulla, a histogram of T1 values across both kidneys is formed (with a bin size of 20 ms). Two peaks in the histogram, originating from the renal cortex and medulla, can be identified from which to form separate renal cortex and renal medulla masks. This segmentation procedure is illustrated for both a healthy participant and CKD patient in Figure 3. It should be noted that T1 values are elevated in CKD [see Section Application in Chronic Kidney Disease (CKD)], but sufficient corticomedullary differentiation remains to segment the cortex from medulla. These binary cortex and medulla masks can then be applied to each parametric map (perfusion, T1, ADC, D, D*, and fp) to interrogate identical regions of interest in which to assess mean values of each parameter. Importantly, to assess heterogeneity of measures and remove bias, a Gaussian curve fit can be applied to the histogram to determine both the mode and full-width-at-half-maximum (FWHM) of renal cortex and medulla parameter values across one or both kidneys (Rossi et al., 2012). The assessment of corticomedullary differentiation (medulla-cortex) in MRI parameters also provides important information. Analysis time is approximately 10 min.


[image: image]

FIGURE 3. (A) Example image analysis for a healthy participant indicating segmentation of the kidneys from the T1 map, definition of cortex and medulla masks from the histogram, and the application of the renal cortex mask to an arterial spin labeling perfusion map allowing the interrogation of a histogram [for mode and full-width-at-half-maximum (FWHM)] of renal cortex perfusion values. (B) Example image analysis for a chronic kidney disease patient indicating definition of cortex and medulla masks from the T1 histogram of the kidneys.



RESULTS

All results given are the mean and standard deviation across participants.

Variability, Repeatability, and Field Strength Dependence in Healthy Participants

Figure 4 shows example multiparametric MRI maps for a single healthy participant collected at 3 T, illustrating that the maps can be combined in the same data space and allow assessment of heterogeneity across the kidney. Table 1 provides the mean and associated standard deviation for MRI parameters collected across the cohort of healthy participants, with the number of subjects included in each analysis provided, and a comparison to literature values.


[image: image]

FIGURE 4. Example arterial spin labeling perfusion, longitudinal relaxation time T1, ADC (apparent diffusion coefficient), and transverse relaxation time T2* maps in a healthy participant.




Table 1. Between-subject variability for multiparametric MRI measures in healthy participants and associated literature values.

[image: image]



Table 2 shows the field strength dependence of longitudinal (T1) and transverse (T2*) relaxation times. As expected, T1-values are longer at 3 T compared with 1.5 T for both the SE-EPI and bFFE readout schemes. It should be noted that the “apparent” T1 measured using a bFFE readout scheme is shorter than the “true” T1 measured using a SE-EPI readout. The corticomedullary differentiation of T1 can be seen to be greater at 3 T compared with 1.5 T. Conversely, the transverse relaxation time (T2*) is longer at 1.5 T.


Table 2. Field strength variability in T1 and T2*/R2* in renal cortex and renal medulla, and corticomedullary differentiation (medulla-cortex) for healthy participants.
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Table 3 provides the CoV and ICCs for the repeatability study at 3 T. The CoV is low for T1 (< 2.9%), ADC (2.9%), T2* (4.1%), and kidney volume (4.2%). The ICCs were high for cortex perfusion (0.801), cortex and medulla T1 (0.848 and 0.997 using SE-EPI), renal artery flow (0.844) and total kidney volume (0.985).


Table 3. Intra subject repeatability for the multiparametric MRI measures in healthy participants.
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Physiological Modulation in Healthy Participants

Figure 5A shows the T2* mode and FWHM in renal cortex and medulla at normoxia and during hypercapnia or during hyperoxia. During hypercapnia, there was a trend for a decrease in the T2* mode in the renal cortex (P = 0.098, paired t-test), but the T2* FWHM did not change. The T2* mode in the renal medulla did not change, but the T2* FWHM was found to increase (P = 0.02, paired t-test). During hyperoxia, there was no change in T2* mode or FWHM in either the renal cortex or renal medulla.
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FIGURE 5. The mode and FWHM (full-width-at-half-maximum) in the renal cortex and medulla of healthy participants for (A) transverse relaxation time T2* during normoxia, hyperoxia, and hypercapnia; (B) longitudinal relaxation time T1 during normoxia and hyperoxia.



Figure 5B shows the “apparent” T1 mode and FWHM for renal cortex and medulla at normoxia and during hyperoxia. During hyperoxia, there was no significant change in the “apparent” T1 mode of renal cortex or medulla, but the FWHM increased in the renal cortex (P = 0.009, paired t-test) and medulla (P = 0.092, paired t-test).

Application in Chronic Kidney Disease (CKD)

All 11 CKD patients had glomerular kidney disease, Table 4 provides demographic details of the patients and divides the healthy participants into young (<40 years) and older (>40 years) age groups for comparison. Table 5 provides the MRI results for each of these groups.


Table 4. Characteristics of healthy participants, split according to age, <40 years and >40 years, and the chronic kidney disease patient cohort.
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Table 5. Multiparametric MRI measures in healthy participants split according to age and Chronic Kidney Disease patients.
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Renal artery blood flow was significantly reduced in the older healthy participants compared to the young healthy participants, though no difference is seen between the older participants and CKD patients. In CKD, renal cortex perfusion and renal vein blood flow were lower than in older healthy participants. T1 SE-EPI in the renal cortex was significantly higher in CKD patients compared to older healthy participants, and corticomedullary T1 differentiation was reduced in CKD patients compared to older healthy participants. T2* measured in the renal cortex and medulla was not significantly different in CKD patients compared with healthy participants. In this patient cohort, renal cortex ADC, D and total kidney volume in CKD patients were also not significantly different to healthy participants.

DISCUSSION

This article has demonstrated acquisition and analysis methods to perform multiparametric assessment of the kidneys in healthy participants and CKD patients.

Variability, Repeatability, and Field Strength Dependence in Healthy Participants

We provide a comprehensive summary of MRI parameter values for healthy participants, results are in agreement with values reported across separate studies in the literature (Table 1). When comparing T1 measures for the renal cortex and medulla to literature values, it is important to consider the MR field strength and readout scheme used for the image acquisition. Here, we show the expected T1 increase with field strength (Table 2). Further, the computed T1 value is dependent on the image readout scheme, with a shorter “apparent” T1 measured for a bFFE readout compared to a SE-EPI readout, due to the influence of transverse relaxation on the bFFE readout. The T1 of the medulla was higher than that of the cortex, resulting in clearly visualized corticomedullary differentiation.

The CoV of T1 measures is very low, <3% for cortex and medulla (Table 3). Cutajar et al. reported CoVs of between 0.3 and 11.5% for repeatability of renal cortex T1 measures on the same day (Cutajar et al., 2012). Gillis et al. showed no significant difference between visits for repeated measures of renal cortex T1 using a MOLLI method (Gillis et al., 2014). However, MOLLI has some compromises, it is a cardiac gated scheme which provides poor sampling of the inversion recovery curve, requires a breath hold per slice, and since it uses a bFFE readout, its “apparent” T1 value is also affected by tissue fat content at 3 T (Mozes et al., 2016).

PC-MRI measures of renal artery and vein blood flow have a reasonably high CoV, as previously described (Bax et al., 2005; Khatir et al., 2014). This is likely a result of placement of the imaging slice. In contrast, ASL renal cortex perfusion is a voxel-wise measure and this is shown to have a low CoV and high ICC. Cutajar et al. reported CoVs of between 1.8 and 12.1% for repeatability of renal cortex perfusion measures on the same day (Cutajar et al., 2012) and Chowdhury et al. reported a within session CoV of 3.3% (Chowdhury et al., 2012), but to our knowledge there have been no CoVs reported for measures collected between visits. Gillis et al. showed no significant differences between visits for repeated measures of renal cortex perfusion (Gillis et al., 2014).

Thoeny et al. showed that the measured value of ADC is affected by the choice of b-values (Thoeny et al., 2005). Using only low b-values (0–100 s/mm2) will result in a high calculated ADC, whilst high b-values (500–1,000 s/mm2) will result in a low calculated ADC. Using a wide range of b-values provides the least variation in ADC between healthy participants. Here, we use b-values of between 0 and 500 s/mm2 and show comparable results to Thoeny et al. (2005). Cutajar et al. found no significant difference in ADC between sessions, their ADC values were higher than we report, likely due to their acquisition using only two b-values (Cutajar et al., 2011). The value of both ADC and D had a low CoV, whilst D* and fp had poor repeatability.

A wide range of renal cortex and medulla T2* (R2*) values are reported in the literature. T2* decreases with increasing field strength and is longer in the renal cortex compared to the renal medulla, indicating the hypoxic state of the medulla. The T2*/R2* values we present are in agreement with several studies (Li et al., 2004a; Ding et al., 2013; Khatir et al., 2014; Piskunowicz et al., 2015; van der Bel et al., 2016), whilst others give lower (Simon-Zoula et al., 2006; Park et al., 2012) or higher (Li et al., 2004b) R2*-values. Khatir et al. (2014) measured similar between session CoVs to those we present here.

Physiological Modulations in Healthy Participants

Here, we assess the change in T2* on hypercapnia and on hyperoxia, and the change in T1 in response to hyperoxia. T2* and T1 relaxation times of tissues have been suggested to be a potential biomarker for renal tissue oxygenation (Jones et al., 2002; O'Connor et al., 2009; Winter et al., 2011; Donati et al., 2012; Khatir et al., 2014; Ganesh et al., 2016). Changes in T2* arise from local field inhomogeneities created by deoxyhemoglobin (Hb) molecules. Increasing the inspired oxygen increases the ratio of diamagnetic oxyhemoglobin to paramagnetic deoxyhemoglobin (HbO2/Hb) leading to longer T2*. Increasing inspired carbon dioxide reduces the oxygen affinity of hemoglobin, thus leading to increases in the levels of deoxygenated Hb in venous blood and a reduction in T2* (Milman et al., 2013). Changes in T1 arise from changes in levels of dissolved O2 in plasma and tissue, since oxygen is weakly paramagnetic (Young et al., 1981), thus increasing levels of oxygen acts to shorten T1.

There is discrepancy in the literature of the effect of breathing 100% oxygen on T2*. Some studies have shown no change in T2* in the renal cortex (Jones et al., 2002; O'Connor et al., 2009; Khatir et al., 2014; Niendorf et al., 2015) or medulla (Jones et al., 2002), whilst a small number of studies show a small increase in T2* in the renal cortex (Winter et al., 2011; Ganesh et al., 2016) and medulla (Donati et al., 2012; Khatir et al., 2014). At normal levels of inspired oxygen, the body maintains hemoglobin levels in arterial blood near to saturation level. During hyperoxia, a higher fraction of HbO2/Hb and a reduction in blood volume could both be expected to contribute to a small increase in T2*. As an alternative, hypercapnic-hyperoxia has been shown to cause a marked 50% increase in renal T2*-weighted signal intensity, suggesting this method provides enhanced sensitivity (Milman et al., 2013).

For T1, previous studies have shown a decrease in the renal cortex on breathing 100% oxygen, which is equivalent to ~600 mmHg (Jones et al., 2002; O'Connor et al., 2007, 2009; Ganesh et al., 2016). Here, we used our modified respiratory triggered scheme to measure T1 and independently controlled end-tidal concentrations of oxygen and carbon dioxide (constant to ~0.1 mmHg). No significant difference in the mode of T1 was found between hypercapnia and normoxia. The controlled gas delivery was equivalent to breathing ~80% oxygen, and this may explain the smaller T1 change seen in our data. It should be noted that breathing 100% oxygen can lead to hypocapnia (Becker et al., 1996) resulting in a reduction in flow.

To our knowledge, no studies of human kidneys have used hypercapnia. Winter et al. showed no change in T2* at 1.5 T in the rabbit renal cortex when inspiring 10% carbon dioxide (balance air; Winter et al., 2011), whilst Ganesh et al. show a decrease in T2* at 3 T when inspiring 10–30% carbon dioxide (21% oxygen, balance nitrogen; Ganesh et al., 2016). Milman et al. showed that hypercapnia induced by 5% CO2 inhalation caused a marked decline in hemodynamic response imaging maps, based on changes in the signal intensity of a T2*-weighted image, resembling results of studies in the liver (Milman et al., 2013). The level of inspired carbon dioxide in this work is significantly lower than 10%, this may explain why our T2* decrease did not reach significance.

Alternative mechanisms of physiological modulation to assess renal oxygenation and microcirculation reactivity and functionality include water loading, sodium loading, or drug administration (e.g., angiotensin, furosemide, saline). Studies have shown that water loading results in an increase in BOLD T2* in the medulla (Prasad et al., 1996; Prasad and Epstein, 1999; Tumkur et al., 2006a; Vivier et al., 2013; Ding et al., 2015), this is thought to be due to the production of endogenous prostaglandin PGE2 in the medulla which decreases deoxyhemoglobin (Hb) levels, but it is not possible to distinguish between changes in oxygen supply and oxygen consumption. Similar more pronounced results have been shown following administration of furosemide (a sodium pump inhibitor; Prasad et al., 1996; Li et al., 2004a; Tumkur et al., 2006b; Vivier et al., 2013), coupled with a larger increase in urinary output (Vivier et al., 2013). Interestingly, T2* is not altered in older subjects after water loading (Prasad and Epstein, 1999) or furosemide administration (Epstein and Prasad, 2000).

Chronic Kidney Disease

The standard clinical assessment of renal function is the estimated GFR (eGFR) calculated from serum creatinine concentration. However, this is a late marker of renal dysfunction, is often discordant with tissue damage, is subject to hemodynamic fluctuation, and cannot be used to assess individual kidney function. Kidney biopsy has sampling error associated with the small specimen size, and comes with associated risks of an invasive procedure. This pilot study has assessed the use of multiparametric MRI in CKD patients, potentially providing a number of techniques by which to assess kidney structure and function. Renal blood flow and renal cortex perfusion was lower in CKD patients compared with healthy participants. T1 values were increased in both renal cortex and medulla compared to healthy participants, though primarily in cortex, resulting in a loss of corticomedullary differentiation.

There have been a number of previous studies assessing changes in individual MRI parameters related to hemodynamics and structure in CKD patients (Inoue et al., 2011; Michaely et al., 2012; Xin-Long et al., 2012; Khatir et al., 2014, 2015; Milani et al., 2016). Studies have compared perfusion in CKD patients with healthy participants and found perfusion to be lower in CKD patients (Rossi et al., 2012; Tan et al., 2014). Gillis et al. showed that the T1 relaxation time was longer in CKD patients compared to healthy participants (Gillis et al., 2016). Further, ADC values have been shown to be reduced in CKD compared to healthy participants (Goyal et al., 2012). A recent study using DWI and T1 mapping has demonstrated changes in both kidney ADC and T1 in animal models and humans with CKD (Friedli et al., 2016). Prior studies have shown conflicting changes in measures of oxygenation in CKD, with some groups reporting a reduction in oxygenation in CKD, whilst others report no differences in cortical or medullary R2* (Pruijm et al., 2014). Khatir et al. showed similar cortical and medulla R2* values at baseline between patients and controls. But on inspiring 100% oxygen, R2* significantly decreased in the renal cortex of CKD patients with no change in R2* was observed in healthy participants. Medullary R2* increased in both patients and controls on inspiring 100% oxygen (Khatir et al., 2015). Pruijm et al. (2014) assessed patients with CKD and arterial hypertension (Pruijm et al., 2014), no difference in R2* was seen between the patient group and healthy participants at baseline. However, following administration of furosemide, a blunted R2* decrease was seen in patients compared with healthy participants. Xin-Long et al. (2012) measured the corticomedullary differentiation in R2* in healthy participants and CKD patients and found an increased differentiation in CKD patients compared to healthy participants (Xin-Long et al., 2012).

LIMITATIONS

It is important to consider the different factors which can impact on reported MR measures. Inconsistent BOLD results have been widely documented between published studies, whilst Michaely et al. showed that in a study of 280 subjects, R2* correlated poorly with eGFR (Michaely et al., 2012). This is likely since R2* is only an estimator of oxygenation, and is confounded by many other factors, with it being suggested that changes in the blood volume fraction considerably influences renal T2* (Niendorf et al., 2015). Estimates of total renal blood flow need to consider kidney volume to also compute total perfusion, and in CKD patients the shrinkage of the kidney should be considered, which can mean that blood flow per kidney is preserved. However, this correction does not take into account that the cortex and medulla may not lose volume at the same rate.

ICC's are high for some MRI parameters presented—T1, perfusion, renal artery flow and ADC—but other values are relatively low, presently hampering the introduction of these methods in clinical practice. Currently, MRI is expensive and multiple breath hold methods cannot be used in older, frail patients. Here, our multiparametric protocol includes a limited number of breath holds, with ASL, T1, and DWI data collected using respiratory triggered acquisitions. In this study, inter-observer variability was not assessed since the post-processing is automated, including ROI placement. Further automation of this pipeline could be included and with the introduction of greater processing power, maps could be computed online at the scanner. In future, functional sodium technology to provide information on renal concentrating capacity will provide a further additional measure for multiparametric protocols (Maril et al., 2006). At this point, studies showing that MRI parameters can predict hard outcomes, such as, end stage renal disease, death or rapid decline of kidney function are necessary. For ultimate use in the clinic, MRI protocols need to be time efficient, and so it will be important to define key MRI parameters of high ICC which can be used for clinical assessment.

CONCLUSIONS

This paper has outlined a multiparametric MRI acquisition and analysis protocol for assessment of renal structure, hemodynamics and oxygenation. No other modality can combine non-invasive techniques to provide such a comprehensive evaluation of renal function as MRI. Studies showing that MRI has added value to simply monitoring serum creatinine and proteinuria in kidney disease, and that MRI can provide similar information as a kidney biopsy are now eagerly awaited. The ability of early identification of patients at risk of progressing to end-stage kidney disease and protocols to assess the efficacy of treatments would improve clinical outcome, be of cost benefit for society and improve life quality for the patients.
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Chronic kidney disease (CKD) is a significant health problem associated with high morbidity and mortality. Despite significant research into various pathways involved in the pathophysiology of CKD, the therapeutic options are limited in diabetes and hypertension induced CKD to blood pressure control, hyperglycemia management (in diabetic nephropathy) and reduction of proteinuria, mainly with renin-angiotensin blockade therapy. Recently, renal oxygenation in pathophysiology of CKD progression has received a lot of interest. Several advances have been made in our understanding of the determinants and regulators of renal oxygenation in normal and diseased kidneys. The goal of this review is to discuss the alterations in renal oxygenation (delivery, consumption and tissue oxygen tension) in pre-clinical and clinical studies in diabetic and hypertensive CKD along with the underlying mechanisms and potential therapeutic options.
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INTRODUCTION

Chronic kidney disease (CKD) is a worldwide public health problem. In the United States, 14% of adults suffer from CKD (Coresh et al., 2007). Besides its impact on health, CKD and end-stage renal disease (ESRD) require substantial healthcare resources (Honeycutt et al., 2013). Despite the resources committed to the treatment of CKD and improvements in the quality of dialysis therapy, CKD patients continue to experience significant mortality and morbidity and a reduced quality of life. Numerous studies have elucidated the underlying mechanisms of CKD and identified new therapeutic targets, but success in clinical translation has been limited. Among various pathways, imbalance between oxygen delivery and consumption leading to tissue hypoxia has been recognized as an important contributor to CKD development and progression (Fine et al., 1998; Norman and Fine, 2006; O'Connor, 2006; Mimura and Nangaku, 2010). The aim of this review is to discuss the role of renal oxygenation (oxygen delivery, consumption and tissue oxygen tension) in CKD progression and potential therapeutic options based on recent literature.

TUBULAR TRANSPORT

The major function of kidney is to remove waste products and excess fluid from the body to maintain homeostasis. The kidneys filter about 180 liters of fluid daily. Nearly 99% of the of filtered sodium is reabsorbed and this is the primary energy consuming process in the kidneys powered by the Na- and K-ATPase (sodium-potassium pump) in the basolateral membranes of tubular cells in the kidney. About 60–70% of total sodium reabsorption takes place in the proximal tubule, and another 25–30% in the thick ascending limb of the loop of Henle, and less than 10% in the distal convoluted tubule and collecting duct (Palmer and Schnermann, 2015). The sodium-potassium pump transports three sodium atoms out of the cell and two potassium atoms into the cell with the cost of hydrolyzing one ATP molecule (Mandel and Balaban, 1981). To retrieve nearly 99% of filtered Na, a continuously large amount of ATP (>1.7 × 1024 molecules) is required.

RENAL OXYGENATION

Both oxidative and glycolytic pathways produce ATP. Compared to 2 molecules of ATP production in glycolysis per molecule of glucose, oxidative phosphorylation, generating 30–36 molecules of ATP, is more efficient (Soltoff, 1986). Hence, sufficient oxygen delivery to the kidney is needed to generate the required ATP via mitochondrial oxidative phosphorylation. Renal blood flow in the kidney is inhomogeneous, with cortex being well-perfused, but only 10–15% of perfusion directed to medulla to preserve osmotic gradients and enhance urinary concentration (Chou et al., 1990). Moreover, the arterial-to-venous oxygen shunting in medulla, which results from a counter-current exchange of oxygen before arterial blood reaches the renal microcirculation, decreases oxygen availability in this region (Evans et al., 2008). Lastly, the high metabolic requirements of the thick ascending limbs also contribute to hypoxia particularly in the outer medullary region, where the transport-related oxygen demand is high, while the delivery is lower than the cortex (Aukland and Krog, 1960; Mandel and Balaban, 1981; O'Connor, 2006). These particular features of tubular transport and metabolism can aggravate outer medullary hypoxia.

There is a close relation between GFR, renal sodium reabsorption, and oxygen consumption (Kiil et al., 1961; Blantz et al., 2007). In most organs, an increased demand of oxygen is met by an increased blood flow to increase oxygen delivery. However, an increase in blood flow to the kidney results in a simultaneously increased tubular sodium load due to increased GFR. Since sodium reabsorption is the major determinant of renal oxygen consumption (Lassen et al., 1961; Torelli et al., 1966), increased renal blood flow besides increasing oxygen supply also increases oxygen demand attributed to increased reabsorptive sodium load. It has been shown that renal oxygen extraction remains stable over a wide range of renal blood flow (Levy, 1960), indicating the increased oxygen delivery by renal blood flow is directly counteracted by increased oxygen consumption. So, maneuvers that increase GFR and thus the tubular sodium load also increase oxygen consumption and the effect on renal oxygenation is not always predictable.

RENAL OXYGENATION IN DIABETIC CKD

According to the data from National Institute of Diabetes and Digestive and Kidney Diseases, as of 2014, nearly 10% of the US population has diabetes (Diabetes-NIDDK1). Diabetic nephropathy develops in nearly 40% of patients with diabetes and is the leading cause of CKD in patients with ESRD (Reutens, 2013). There has been significant advances in our understanding of the various pathways in the pathogenesis of diabetic nephropathy: hyperglycemia, glomerular hyperfiltration, activation of the polyol, renin-angiotensin and the protein kinase C pathways, advanced glycation end products, and genetic susceptibility (Brownlee, 2005). However, clinical translation to successful therapeutics for diabetic nephropathy has been limited. Since Fine et al. proposed kidney hypoxia as a mediator of progressive kidney disease (Fine et al., 1998), numerous experimental and clinical studies have provided evidence in support of chronic hypoxia being a common pathway for various progressive kidney diseases including diabetic nephropathy (Nangaku, 2006; Palm, 2006; Singh et al., 2008a, 2013; Mimura and Nangaku, 2010; Palm and Nordquist, 2011).

In experimental streptozotocin-induced diabetes, Ries et al. demonstrated that hypoxia was present in all compartments of the diabetic kidney, particularly in the outer medulla, using blood oxygen level-dependent (BOLD) MRI and diffusion-weighted imaging (Ries et al., 2003). Palm et al. showed a decrease in renal oxygen tension in the diabetic kidney, particular in medulla, due to the augmented oxygen consumption (Palm et al., 2003). Intrarenal microcirculation was not changed, but deoxyhemoglobin signals rose in diabetic kidney and oxygen consumption by tubular cells was significantly enhanced (Palm et al., 2003, 2004). Later the same group confirmed their findings using BOLD imaging (Edlund et al., 2009). Another study, demonstrated that hypoxic changes can be detected as early as 2 days in the diabetic kidney (dos Santos et al., 2007). Subsequently, Rosenberger et al. provided information on cellular localization of hypoxia in thick ascending limbs and a lesser extent in the collecting ducts using immunohistochemical staining with pimonidazole, a molecular hypoxia probe, and hypoxia inducible factor (HIF) (Rosenberger et al., 2008).

Recent studies have demonstrated the presence of tissue hypoxia before the presence of markers of kidney injury in diabetes. Friederich-Persson et al. reported kidney hypoxia resulting from increased mitochondrial oxygen consumption, independent of hyperglycemia and oxidative stress, was associated with tubulointerstitial damage, proteinuria and infiltration of inflammatory cells (Friederich-Persson et al., 2013). They concluded that kidney tissue hypoxia, per se, may be sufficient to initiate the development of nephropathy. Others have demonstrated the presence of tissue hypoxia in the kidney before the onset of albuminuria in diabetic mice (Franzén et al., 2016). Functional MRI imaging techniques have also been used to assess intrarenal oxygenation in humans, specifically in diabetic patients. Inoue et al. demonstrated parenchymal hypoxia and fibrosis in the renal cortex of CKD patients with or without diabetes using BOLD MRI and diffusion-weighted MRI, respectively (Inoue et al., 2011). Yin et al. reported reduced cortical and medullary oxygenation in patients with type 2 diabetes with nephropathy (Yin et al., 2012). Medullary hypoxia was more prominent and present at earlier stages, with cortical hypoxia becoming more apparent with worsening renal function in diabetic patients. Pruijm studied the role renin-angiotensin system (RAS) in renal oxygenation in early stage type 2 diabetic patients with evidence of nephropathy (albuminuria and/or hypertension) (Pruijm et al., 2013). Short-term RAS blockade with ace-inhibitor or angiotension receptor blocker did not increase renal tissue oxygenation. Although not specifically examined in diabetes, animal studies have demonstrated an increase renal oxygenation in both normal and remnant rat kidney with RAS inhibition (Norman et al., 2003; Deng et al., 2009). Short duration of RAS blockade or modest changes in oxygenation not detected by BOLD MRI may explain the discrepancy.

Other studies have examined renal oxygenation in diabetes before any evidence of nephropathy and found similar baseline renal oxygenation in cortical and medullary oxygenation in diabetes compared to controls with BOLD MRI (Epstein et al., 2002; Economides et al., 2004). However, remarkably in both studies, patients with diabetes and even those at risk of diabetes did not show any improvement in medullary oxygenation with water diuresis, which was observed in healthy controls. This suggests an early impairment of adaptive vasodilation in the renal medulla in diabetes. Conversely, in a study in patients with moderate to severe diabetic nephropathy, no differences in cortical oxygenation but higher medullary oxygenation compared to controls was observed (Wang et al., 2011). The authors speculate that hypoxia noted in other studies in early stages of diabetes may be due to high oxygen consumption to support increased tubular reabsorption during the stage of glomerular hyperfiltration. In their study, reduced GFR and the associated decrease in tubular sodium reabsorption may result in lower oxygen consumption and the apparent increase in medullary oxygenation. The other possibility may be related to the technical aspects of BOLD MRI measurements. BOLD MRI measures tissue oxygenation indirectly by the changes in the deoxyhemoglobin concentration in the capillaries supplying the tissue. In advanced nephropathy, tissue fibrosis, reduction in peritubular capillaries, and changes in tissue oxygen extraction may lead to discrepancies between capillary deoxyhemoglobin concentrations and tissue oxygenation. Technical aspects of BOLD MRI and standard protocols for these measurements have been extensively discussed in recent papers (Simon-Zoula et al., 2006; Pruijm et al., 2016; Hirakawa et al., 2017). Characteristics of the studies discussed is summarized in Table 1.


Table 1. Characteristics of studies in diabetes/diabetic CKD.
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RENAL OXYGENATION IN HYPERTENSION AND HYPERTENSIVE CKD

Nearly 30% of adults in the United States hypertension according to the National Health and Nutrition Examination Survey 2011–2012 (Ostchega et al., 2008). Hypertension can affect each renal compartment: vessels, glomeruli and tubulointerstitium (Meyrier, 2015). Hypertensive nephropathy is the second only to diabetic nephropathy as the most common cause of ESRD in the US (Udani et al., 2011). Franz Volhard and Theodor Fahr first introduced the term hypertensive nephrosclerosis in 1918 (Meyrier, 2015) and several studies investigating the pathophysiology and potential treatments have been published. Over the last two decades, the role of renal oxygenation in hypertensive nephrosclerosis has been investigated.

Welch et al. were the first to show that a lower tissue oxygenation in both the cortex and medulla in angiotensin II (Ang II)-infused or spontaneously hypertensive rats (Welch et al., 2001, 2003). They further demonstrated that oxygenation was restored with the administration of superoxide dismutase mimetic, tempol, or an angiotensin receptor blocker, candesartan. In spontaneously hypertensive rats, they also observed a reduction in the ratio of tubular sodium transport by oxygen consumption (TNa/QO2). In an acute hypertension model with intravenous infusion of Ang II, reduced the oxygenation in the cortex and isolated proximal tubules and reduced TNa/QO2 was observed (Welch et al., 2005). All the effects were reversed by tempol, demonstrating the role of oxidative stress in this model. Recently, Emans et al. studied the effects of Ang II on cortical pO2 by telemetry in conscious rats (Emans et al., 2016). Using exogenous Ang II intravenously or activated RAS in transgenic Cyp1a1Ren2 rats, they found reduced renal cortical PO2 preceding the development of tissue injury. Zhu et al. showed that chronic infusion of Ang II in uninephrectomized rats increased tissue hypoxia as measured by immunostaining with pimonidazole, as well as increased urinary albumin excretion and collagen accumulation (Zhu et al., 2011). The albuminuria and collagen accumulation was attenuated by gene silencing of HIF-1α, linking upregulation of HIF-1α with fibrosis in this model. In another model of hypertension, renal neurogenic hypertension, induced by intrarenal injection of phenol, was shown to renal increase HIF-1α expression (Koeners et al., 2014). Interestingly, pretreatment with cobalt chloride, known HIF-1α activator, attenuated the development of hypertension and renal vasoconstriction.

Subtotal nephrectomy (STN), by uninephrectomy and partial renal infarction in the contralateral kidney, is a well-established, representative model of hypertensive CKD. Increased oxygen consumption factored for sodium reabsorption or nephron number has been observed in this model. Harris et al. observed a threefold increase in oxygen consumption per nephron in STN kidney at 4 weeks (Harris et al., 1988). Similar results were observed by Nath et al. at 3 weeks in the STN kidney (Nath et al., 1990). We have extensively studied the early hemodynamic, transport and metabolic adaptations in the 1-week STN kidney (Deng et al., 2009, 2010; Singh et al., 2009, 2012; Singh and Thomson, 2014). A major adaptation to nephron loss in early STN is hyperfiltration in the remaining nephrons (Singh et al., 2009). Hyperfiltration in the remaining nephrons results in hyperreabsorption, and this is associated with increased oxygen consumption. Indeed, we have previously reported the high oxygen consumption factored for sodium reabsorption at 1 week after STN (Deng et al., 2009, 2010). We have also demonstrated improved renal oxygenation with RAS blockade and HIF-1α activation (Deng et al., 2009, 2010). Manotham et al. showed evidence of tissue hypoxia in the STN kidney as early as 4 days and more prominently at 7 days by using pimonidazole immunostaining (Manotham et al., 2004). Tissue hypoxia persisted until interstitial damage developed. Treatment with Ang II blocker, olmesartan, prevented vascular changes and ameliorated tubular hypoxia after nephron loss.

In terms of clinical evidence, Textor et al. showed that African-American, hypertensive patients had elevated renal medullary volumes and blood flow, and lower medullary oxygenation compared to white hypertensive patients (Textor et al., 2012). Pruijm et al. investigated the effect of sodium intake on renal oxygenation in normotensive and hypertensive subjects after 1 week of high sodium and 1 week of low-sodium diet using BOLD MRI (Pruijm et al., 2010). They found that low sodium intake was associated with an increased renal medullary oxygenation but no changes in renal cortical oxygenation in both normo- and hypertensive individuals. In hypertensive patients, medullary oxygenation correlated with 24-h sodium excretion but no correlation with segmental renal sodium reabsorption was seen as observed in normotensive group. They speculated that this may be due to enhanced proximal sodium reabsorption and salt sensitivity observed in hypertensive patients (Burnier et al., 2006).

Schachiger et al. studied the role of RAS activation in renal oxygenation in humans and showed an acute decrease in cortical oxygenation by BOLD MRI after Ang II bolus injection (Schachinger et al., 2006). Subsequently, another study demonstrated a dose-dependent decrease of renal blood flow accompanied by a minor decrease of oxygenation in the cortex, not in the medulla with continuous Ang II infusion in healthy humans (Bel et al., 2016). As discussed above, parenchymal hypoxia and fibrosis in the renal cortex of CKD patients using BOLD MRI and diffusion-weighted MRI has been shown (Inoue et al., 2011). Other recent studies have demonstrated increased renal oxygenation, particularly in the renal medulla, with RAS blockade in healthy subjects and in CKD patients (Stein et al., 2012; Siddiqi et al., 2014; Vink et al., 2015). Characteristics of the studies discussed is summarized in Table 2.


Table 2. Characteristics of studies in hypertension/hypertensive CKD.
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PATHOPHYSIOLOGY OF HYPOXIA IN CKD

Tubulointerstitial injury, which encompasses tubular atrophy and interstitial fibrosis, is a hallmark of progressive CKD regardless of its cause. Several studies have validated the role of tissue hypoxia in the progression of kidney disease (Kang et al., 2002; Nangaku, 2006; Heyman et al., 2008; Singh et al., 2013). Compromised oxygen delivery due to structural and functional changes impairing blood flow has been demonstrated. Tubulointerstitial hypoxia in advanced CKD can result from glomerular injury and interstitial fibrosis (Heyman et al., 2008). Glomerulosclerosis decreases the blood flow to downstream peritubular capillaries leading to insufficient oxygen delivery. Interstitial fibrosis further impairs oxygen delivery from the peritubular capillaries to the tubules. Recent studies have demonstrated peritubular capillary dysfunction as an important factor in the initiation of renal hypoxia (Ohashi et al., 2000; Kang et al., 2002; Matsumoto et al., 2004; Kawakami et al., 2014). Animal and human biopsy specimens in CKD have demonstrated that tubulointerstitial injury is preceded by rarefaction of the peritubular capillaries (Bohle et al., 1996; Choi et al., 2000; Babickova et al., 2017).

The significance of these structural changes aside, early hypoxia demonstrated in animal and human studies are likely due to altered hemodynamics and metabolism. As discussed above, alteration in renal oxygen consumption and tissue hypoxia has been demonstrated in both diabetic and non-diabetic CKD models prior to the development of structural changes (Ries et al., 2003; Manotham et al., 2004; dos Santos et al., 2007; Deng et al., 2009, 2010; Franzén et al., 2016). Moreover, kidney hypoxia resulting from increased mitochondrial oxygen consumption alone has been shown to induce kidney injury (Friederich-Persson et al., 2013). Hence, understanding of the determinants and regulation of renal oxygenation in early stages is valuable in preventing subsequent tissue injury.

Chronic hypoxia causes tissue damage via various cytokine and cell-signaling pathways including RAS, endothelin, plasmin activator inhibitor-1, adhesion molecules and growth factors (Heyman et al., 2008; Haase, 2013). Impaired nitric oxide availability has also been implicated in the pathophysiology of diabetic nephropathy (Palm et al., 2003; Prabhakar et al., 2007) and hypertensive nephropathy (Welch et al., 2003; Singh et al., 2008b; Deng et al., 2009). Nitric oxide can increase renal oxygenation by improving oxygen delivery via vasodilation and directly lowering oxygen consumption (Evans and Fitzgerald, 2005; Singh et al., 2008b). HIF, a key transcriptional regulator of cellular adaption to hypoxia, has also received significant attention. It induces various target genes that impact oxygen delivery via vasomotor regulation and cellular oxygen consumption via several pathways (Semenza, 2009). Downstream HIF target proteins include inducible NOS, heme oxygenase-1, vascular endothelial growth factor, glucose transproters, glycolytic enzymes as well as proteins involved in cell proliferation and survival (Nangaku and Eckardt, 2007; Gunaratnam and Bonventre, 2009). HIF activation induces a glycolytic phenotype by upregulating GLUT transporters to facilitate glucose entry and inducing glycolytic enzymes (Semenza, 2009). HIF also has significant effects on mitochondrial metabolism and improves efficiency of respiratory chain proteins in hypoxia (Wheaton and Chandel, 2011). It represses mitochondrial biogenesis and respiration (Papandreou et al., 2006). It also induces mitochondrial autophagy as an adaptive metabolic response in hypoxia (Zhang et al., 2008).

While HIF activation has been shown to be renoprotective role in acute kidney injury, its effect in CKD are conflicting (Nangaku and Eckardt, 2007; Haase, 2009). Pharmacological HIF activation improved renal oxygenation, function and morphology in streptozotocin-induced diabetic and in STN rats (Deng et al., 2010; Li et al., 2015; Nordquist et al., 2015). Other studies have also shown beneficial effects of systemic HIF activation with different pharmacological agents in experimental models characterized by hypoxia (Manotham et al., 2004; Tanaka et al., 2005; Song et al., 2010; Yu et al., 2012a). However, studies using genetic approaches have yielded conflicting results. HIF-1α gene silencing or HIF-1α knockout has been shown to attenuate albuminuria, collagen accumulation and the development of tubulointerstitial fibrosis (Welch et al., 2005; Wang et al., 2014). Proximal tubule specific overexpression of HIF-1α under normoxic conditions increased fibrosis while ablation ameliorated it (Higgins et al., 2007, 2008). Interestingly, the same group has subsequently shown that global activation of HIF-1α in all tubules ameliorated inflammation and fibrosis (Kobayashi et al., 2012). These results suggest that the outcomes of HIF activation are cell-specific, context-specific and timing-dependent in CKD (Yu et al., 2012b).

Lastly, the role AMP-activated kinase in the metabolism of diabetic and non-diabetic CKD is also receiving attention. AMPK is a ubiquitously expressed, highly conserved, key energy sensor and regulator of cellular metabolic activity (Hardie and Ashford, 2014). It is activated by cellular stressor such as nutrient deprivation, hypoxia or ischemia. AMPK facilitates metabolic adaptation by triggering ATP producing pathways, while inhibiting ATP consuming pathways (Gwinn et al., 2008). It stimulates mitochondrial biogenesis and cellular autophagy as survival mechanisms in low energy states (Steinberg and Kemp, 2009; Weinberg, 2011). Beneficial effects of AMPK activation in diabetes and high-fat diet induced kidney disease has been described (Lee et al., 2007; Hallows et al., 2010; Decleves et al., 2011). AMPK activation has also been shown to improve oxygen delivery and lower oxygen consumption and improve renal function and histology in STN (Satriano et al., 2013). We have also recently described the interactions between HIF and AMPK pathways in the regulation of cellular hypoxia adaptation in STN (Li et al., 2015). A schematic diagram incorporating some of the above discussed aspects in the pathophysiology of development of CKD is shown in Figure 1.
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FIGURE 1. Schematic describing pathophysiology for the development of CKD in diabetes and hypertension (see text for details).



CONCLUSION

CKD is a major healthcare burden, associated with significant comorbidities and progression to ESRD. Available therapies for diabetic and non-diabetic CKD are inadequate in halting or slowing the progression of disease. An increasing number of experimental and clinical studies indicate that renal tissue hypoxia, resulting from mismatch between oxygen delivery and consumption is a major contributor to CKD progression. Hence, it is imperative to understand the regulation of kidney oxygenation in CKD to identify novel therapeutic targets. Interventions to restore kidney tissue oxygenation has been shown to be beneficial in animal models of CKD. Clinical studies are limited and additional investigations into therapeutic targets to improve renal oxygenation in different forms of CKD are needed to improve clinical outcomes.
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Since the mid-1980s magnetic resonance imaging (MRI) has been investigated as a non- or minimally invasive tool to probe kidney allograft function. Despite this long-standing interest, MRI still plays a subordinate role in daily practice of transplantation nephrology. With the introduction of new functional MRI techniques, administration of exogenous gadolinium-based contrast agents has often become unnecessary and true non-invasive assessment of allograft function has become possible. This raises the question why application of MRI in the follow-up of kidney transplantation remains restricted, despite promising results. Current literature on kidney allograft MRI is mainly focused on assessment of (sub) acute kidney injury after transplantation. The aim of this review is to survey whether MRI can provide valuable diagnostic information beyond 1 year after kidney transplantation from a mechanistic point of view. The driving force behind chronic allograft nephropathy is believed to be chronic hypoxia. Based on this, techniques that visualize kidney perfusion and oxygenation, scarring, and parenchymal inflammation deserve special interest. We propose that functional MRI mechanistically provides tools for diagnostic work-up in long-term follow-up of kidney allografts.

Keywords: magnetic resonance imaging, functional MRI, kidney transplantation follow-up, chronic allograft nephropathy, protocol kidney biopsy, chronic hypoxia theory

INTRODUCTION

A rise in serum creatinine concentration (SCr) is often the first sign of kidney allograft dysfunction. It is only observed if considerable damage has occurred in the allograft, from which it follows that initial damage develops subclinically (Pascual et al., 2012). Various processes contribute to damage accumulating in kidney allografts over time, e.g., calcineurin inhibitor nephrotoxicity, chronic rejection, aging, and recurrent infections (Pascual et al., 2002). Early detection of allograft damage, preferably even before the actual onset of allograft fibrosis, is desirable, since it may improve long term allograft survival (Pascual et al., 2012). Currently the best method to monitor the course of such damage would be sequential protocol biopsies.

Protocol biopsy facilitates early diagnosis of de novo and recurrent kidney disease (Morozumi et al., 2014) and therefore one or sometimes multiple protocol biopsies several months to a year after kidney transplantation are performed in several programs. Specific indications for protocol biopsies have been proposed (Racusen, 2006). Although pathology findings currently are leading for therapy initiation or alteration, benefits of protocol biopsies for the early detection of subclinical allograft damage are seriously questioned due to considerable burden (Tanabe, 2014). Especially in the absence of any clinical signs indicating allograft dysfunction, kidney biopsy comes with risks and drawbacks, including a logistic burden for nephrology departments, discomfort in patients, risk of allograft bleeding, and, albeit to a lesser extent, infectious complications (Corapi et al., 2012; Chung et al., 2014; Morgan et al., 2016). Finally, there is a risk of sampling error which may confound adequate assessment of biopsy samples, (Madaio, 1990) since allograft fibrosis develops from focal lesions (Cosio et al., 2008). In practice this strategy is therefore not universally applied on a regular basis. A non-invasive alternative test such as MRI would be a more convenient solution. However, centers that perform protocol biopsies are provided with the ideal opportunity of conducting longitudinal imaging studies that could also involve parallel assessment of kidney imaging and histological morphology. Such parallel assessment could possibly also contribute to improvement in evaluation of acute kidney injury (AKI) and chronic kidney disease (CKD) in native kidneys.

MRI has been suggested as a promising technique in clinical nephrology, but thus far has not been successfully implemented as a specific method of choice in follow-up of kidney transplant recipients (Michaely et al., 2007; Chandarana and Lee, 2009; Zhang et al., 2014a). Whereas previous reviews on renal imaging discussed applications of MRI in the entire domain of nephrology, (Ebrahimi et al., 2014; Grenier et al., 2016) this review will specifically address disease processes underlying kidney allograft damage, focusing on different aspects that can be assessed with MRI techniques. A brief description of the technical background of these techniques will be provided. Our main aim is to evaluate—from a mechanistic point of view—whether MRI has the potential to provide valuable diagnostic information in long-term follow-up of kidney transplant recipients.

CONVENTIONAL VS. FUNCTIONAL MRI FOR THE ASSESSMENT OF SUBCLINICAL KIDNEY ALLOGRAFT DAMAGE

Conventional MRI Techniques

A distinction must be made between functional MRI techniques on the one hand, and conventional, non-functional, or anatomic MRI techniques on the other. Functional MRI refers to techniques that aim to measure or visualize physiological variables in the kidney, whereas non-functional MRI renders images of kidney anatomy. Conventional imaging of the kidney (through T1, T2 and proton density weighted imaging) (Currie et al., 2013) can identify morphological abnormalities, for instance with magnetic resonance urography and angiography, and a sensitive, though non-specific loss of corticomedullary differentiation with increased T1 relaxation times can be observed in kidneys with impaired function (Huang et al., 2011). Since T1 imaging cannot identify the cause of kidney function impairment given its lack of specificity, this technique is probably of little value in evaluation of allograft function in transplantation patients.

Functional MRI Techniques

In addition to assessment of kidney morphology investigators have often tried to assess single kidney renal function with dynamic contrast-enhanced MRI (DCE-MRI) (Zeng et al., 2015) but its advantage in kidney transplantation patients above eGFR is debatable, given that in this case total GFR depends almost entirely on allograft GFR. DCE-MRI depicts the passage of an intravenously injected gadolinium-based contrast agent (GBCA) through the vascular system and kidney parenchyma. DCE-MRI has been used for calculation of GFR (Eikefjord et al., 2015; Zeng et al., 2015) and to discriminate between acutely rejected and non-rejected kidney allografts (Khalifa et al., 2013). Although this technique is very promising, concerns about the long-term side effects of GBCAs by both clinicians as well as patients have stymied the adoption of DCE-MRI. It is also of note that detection of kidney pathology by assessment of a suspected decrease in GFR is of rather restricted use, since reduced GFR is in fact the final result of the entire chain of events in kidney disease.

Several other (patho)physiological processes in the kidney potentially relevant for kidney allograft follow-up have been visualized with non-contrast enhanced (functional) MRI to date (Table 1). The chronic hypoxia theory, first introduced by Fine et al. (1998) postulates that progressive development of fibrosis in chronic kidney disease is related to kidney allograft hypoxia (Fine and Norman, 2008). Indeed it was demonstrated in experimental diabetes that hypoxia had occurred at an early stage (dos Santos et al., 2007) before any histologic damage could be observed (Manotham et al., 2004). This has also been observed in experimental kidney transplantation (Papazova et al., 2015). Moreover, hypoxia-inducible factor-1alpha has been immunohistochemically detected in kidney allografts with (sub)clinical rejection at 3 months after transplantation and beyond (Rosenberger et al., 2007). There is, however, an unmet need for longitudinal functional imaging studies, both in experimental and clinical settings. These studies would contribute most to a better understanding of the role of hypoxia in the course of chronic allograft nephropathy (CAN).


Table 1. Currently available techniques for kidney allograft imaging.
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The essence of the chronic hypoxia theory is shown in Figure 1, along with the MRI techniques that are proposed to unravel specific links in the pathophysiologic chain of CAN. Based on this theory, some (functional) techniques deserve special interest for their potential in long-term follow-up: sequences that visualize (1) kidney perfusion and oxygenation, (2) parenchymal inflammation, and (3) kidney scarring. These techniques will be discussed in more detail later (Section Clinical experience with functional MRI in kidney allografts).
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FIGURE 1. A feedforward loop in the hypothesized processes of the development of fibrosis in chronic kidney disease, and their non-invasive modes of detection. Renal blood flow determines delivery of oxygen, but also the glomerular filtration rate and thus oxygen consumption. Moreover, arteriovenous shunting has an effect on total oxygen balance. The initial event that gives rise to kidney hypoxia and thus to scarring could have a specific etiology, yet increased oxygen consumption is also caused by a variety of factors such as mitochondrial uncoupling following reperfusion immediately after transplantation (Evans et al., 2015). Interstitial hypoxia results in active inflammation and fibroblast proliferation directly mediated through hypoxia by cytokines such as transforming growth factor β1, which leads to interstitial fibrosis and tubular atrophy (IF/TA) (Fine et al., 2000). Active inflammation also contributes to hypoxia since it consumes energy. Then fibrotic foci infiltrate neighboring structures, causing further damage to previously unaffected tissue, which eventually has a negative effect on oxygen supply. For several links in the chain of events MRI techniques are displayed that yield visual information at a given functional event. Although many steps of the process are likely sensitive to one or another technique, no technique is specific for a single event. Furthermore, there is currently no imaging technique that can directly display tubulo-interstitial hypoxia. See Table 1 for denotation of abbreviations. DWI also encompasses DTI. This figure was modified from Fine and Norman (2008) (Elsevier) and Evans et al. (2013) (John Wiley and Sons) with permission from the publishers.



Thus far, the focus of interest has been on non-invasive diagnosis of the cause of acute allograft dysfunction. In this setting, non-functional MRI techniques possess unique qualities to assess morphologic abnormalities such as urinary obstruction (Kalb et al., 2008) and therefore better suit this application. Given the mechanisms underlying chronic kidney allograft dysfunction, we expect that the biggest gains with functional MRI can possibly be made in long-term follow-up.

In recent years, several existing and new gadolinium-free functional MRI techniques that measure various aspects of kidney function have advanced to the stage that they can be used in clinical practice. Below we discuss these in more detail.

CLINICAL EXPERIENCE WITH FUNCTIONAL MRI IN KIDNEY ALLOGRAFTS

Blood Oxygen Level Dependent (BOLD) MRI

BOLD MRI is used to obtain a measure for oxygenation (Figure 2). For a background of this imaging technique we refer to Pruijm et al. (2016) who have recently described renal BOLD MRI and its inherent limitations in detail in Frontiers in Physiology. BOLD MRI should be interpreted carefully, as also stated by Pruijm et al. (2016). Of special importance is the oxygen-hemoglobin dissociation curve. Since oxyHb releases oxygen more easily at lower oxygen levels, the amount of deoxyHb does not have a linear relationship with blood oxygenation (O'Connor et al., 2006; Leong et al., 2007). In the kidneys, BOLD MRI is therefore less sensitive to oxygenation changes in the highly oxygenated cortex (Prasad, 2006). Lastly, renal oxygenation can change due to increased consumption of oxygen by active processes in the kidney or decreased perfusion (Heyman et al., 2008). Strategies are now sought after that enable deduction of tissue pO2s from [image: image] values using mathematical models, e.g., the two-step model by Zhang et al. (2014b) Interestingly, hemodynamic changes should not only be considered as a confounder in interpretation of BOLD images. In hemodynamic response imaging (HRI) air composition is intentionally modified (hypercapnia, hypercapnia plus hyperoxia) while at the same time multiple BOLD images are acquired. In this way hemodynamic changes due to Bohr-effect and CO2-induced vasodilation are provoked, for instance in the kidney, which enables evaluation of regional vascular reactivity. To date, only two studies in experimental animals have investigated kidney HRI (Milman et al., 2013, 2014).


[image: image]

FIGURE 2. BOLD image of the kidney acquired at our center in a hypertensive subject (unpublished data). Top: one of the images used to calculate the [image: image] maps; middle: [image: image] map of the kidneys, note the difference between the well-oxygenated renal cortex (outer blue part) and the relatively hypoxic medulla (inner green/yellow parts). The scale denotes [image: image] values in s−1, a low [image: image] indicates higher oxygenation; bottom: automatic filter applied to exclude the renal vessels and urine collecting system.



Since the introduction of BOLD MRI in nephrology various researchers have investigated this technique in kidney transplant recipients (Sadowski et al., 2005, 2010; Djamali et al., 2006, 2007; Thoeny et al., 2006; Han et al., 2008; Park et al., 2012, 2014; Xiao et al., 2012; Liu et al., 2014). Table 2 lists studies in which BOLD MRI was used to assess malfunctioning kidney allografts. There is ample evidence that medullary [image: image] values decrease in allografts with acute impaired function, possibly indicating regional blood hyperoxia. However, as explained above, changes in perfusion and hemoglobin content (blood volume, hematocrit) can also explain the decrease in [image: image]. In one study medullary and cortical blood hyperoxia as measured with BOLD MRI were related to respectively medullary and cortical hypoperfusion (Sadowski et al., 2010) suggesting that decreased oxygen consumption is the main reason for the hyperoxia observed in kidney allograft dysfunction. The most probable explanation for this would be that the GFR is reduced due to hypoperfusion, with consequently reduced solute delivery to the nephron and thus reduced regional oxygen consumption. Observation of improved medullary oxygenation during controlled hypotension demonstrated by Brezis et al. supports this explanation (Brezis et al., 1994).


Table 2. Blood Oxygen Level Dependent (BOLD) MRI.

[image: image]



Moreover, significant differences in medullary [image: image] (M[image: image]) values between acute rejection and acute tubular necrosis have been reported with BOLD MRI (Table 2). Differences in cortical [image: image] (C[image: image]) values between native kidneys or allografts with normal function and allografts with impaired function are often not significant, which is remarkable given that sodium is mainly reabsorbed in the cortex. It would therefore be expected that this is reflected by BOLD parameters, since the cortex accounts for the major part of total oxygen consumption, as it receives most of total renal blood flow (Brezis et al., 1984). Possibly this is explained by the lower sensitivity of BOLD MRI to changes in the renal cortex, as explained above. However, signal intensity due to BOLD effects increases almost linearly to main field strength up to 7T (Seehafer et al., 2010). Hence, with current technology, it is conceivable that differences in C[image: image]s are invisible due to low signal-to-noise ratios. Advances in experimental settings in ultrahigh field scanners may establish better resolution of cortical pathophysiology.

As mentioned, experience in the chronic phase post-transplantation is very limited. Djamali et al. investigated [image: image] parameters in 10 transplantation patients clinically diagnosed with CAN that were at least 12 months post-transplantation, and found decreased values for C[image: image] and M[image: image] compared to healthy volunteers (Djamali et al., 2007). However, one of the inclusion criteria in this study was that CAN patients suffered at least KDOQI stage 3, which implies that fibrosis was probably abundantly present in all allografts studied. It would be presumptive therefore to draw any conclusions from this study with regard to the role of hypoxia in development of CAN. Interestingly though, markers of oxidative stress in serum and urine correlated significantly with [image: image] values in CAN patients. Furthermore, M[image: image] was studied repeatedly in 15 transplanted kidneys. As compared with baseline readings, obtained before renal harvesting, M[image: image] declined by 8.3% (P = 0.06) over 2 years follow-up (Niles et al., 2016). Since allograft GFR in these patients even improved during follow-up by 33.3% (P < 0.01) compared to corrected baseline GFR, these results suggest a role for disturbed oxygen balance in development of subclinical chronic damage. Continuous follow-up of these patients beyond 2 years would be interesting to further test this hypothesis. In contrast, results with BOLD MRI in CKD are inconsistent with the above, since most studies demonstrate no difference in C[image: image] and M[image: image] among CKD patients with different characteristics, such as disease stage (Neugarten and Golestaneh, 2014). However, this does not imply that the chronic hypoxia theory should be rejected, since incompletely understood oxygen balance and other reasons inherent to BOLD MRI already mentioned may confound interpretation of these results (Neugarten and Golestaneh, 2014).

It follows from these studies that the relationship between BOLD parameters and kidney function in kidney allografts is not fully understood. Confusingly, decreased values for [image: image] are found in malfunctioning kidney allografts (which contain at least small fibrotic foci), whereas increased [image: image]s corresponding to blood hypoxia are found in other kidney diseases characterized by fibrosis (Neugarten and Golestaneh, 2014). For better interpretation of changes in [image: image] values, it would be interesting to combine BOLD MRI with perfusion. Thus, on the one hand clinical translation of BOLD MRI remains difficult, but on the other hand it is arguable that BOLD parameters should be used if they are prognostic of allograft dysfunction, despite our lack of understanding of underlying pathophysiology.

Arterial Spin Labeling (ASL)

Arterial Spin Labeling (ASL) is used for mapping of arterial blood flow and cortical perfusion at capillary level. In ASL, spins are labeled in the arterial phase (Ferré et al., 2013). Following a delay time to allow the labeled spins to flow in to the capillaries and diffuse into the tissue, an MRI of the tissue is acquired. The spins lose some of the magnetization due to T1 decay during the delay time. Combining this with a similar image acquired without applying the label, allows for renal cortical perfusion to be assessed (Ferré et al., 2013) which results in ASL maps (Figure 3). In this way rate of cortical diffusion and thus degree of cortical perfusion can be assessed. In fact, ASL is an alternative to DCE-MRI, with the difference that for ASL moving blood is used as an endogenous CA, instead of a GBCA. A moderate correlation (r = 0.66) between the two techniques was found in a small study in which total kidney blood flow was determined in 19 healthy volunteers (Wu et al., 2011). Although substantial differences between DCE and ASL parameters are present in all studies in which the two techniques are compared, both techniques possess the ability to detect impaired kidney perfusion (Zimmer et al., 2013). ASL parameters are highly reproducible in healthy subjects, (Cutajar et al., 2012, 2014; Gillis et al., 2014; Kistner et al., 2015) with better reproducibility than DCE-MRI (Cutajar et al., 2014).


[image: image]

FIGURE 3. ASL perfusion images of the kidney in a healthy volunteer acquired at our center (unpublished data). White and yellow denote high perfusion, while orange and red denote low perfusion. The difference between the highly-perfused cortex and less highly perfused medulla is clearly visible. In the three upper panels, starting on the left, the high signal intensity regions in the kidney centers reflect the pyelocalceal system.



Three studies in kidney transplantation patients have demonstrated a good correlation between kidney function and cortical perfusion as assessed with ASL (Table 3) (Lanzman et al., 2010; Heusch et al., 2013, 2014) These studies also included patients with stable eGFR in the chronic phase (> 1 year) post-transplantation, but given its cross-sectional design yielded no information on the course of kidney perfusion in patients with stable allograft function. However, the study by Niles et al. (2016) demonstrated that after 2 years follow-up, in eight kidney allografts with stable function, cortical perfusion decreased by 34.2% (P < 0.001) compared to baseline. According to Figure 1, reduced cortical perfusion can lead to a decrease in GFR and over time to cortical hypoxia due to decreased oxygen delivery, which may initiate the “hypoxia loop.” Besides, another subset of participants that was given losartan, starting 3 months post-transplantation, achieved considerably better cortical perfusion upon termination of follow-up (22.9% more in comparison to the participants without losartan, P < 0.05).


Table 3. Arterial Spin Labeling (ASL).
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Preliminary results demonstrated the possibility to assess single-kidney GFR with ASL (He et al., 2014) which is an advantage over eGFR based on SCr. This might be of use in the transplantation work-up of living donors and donors after brain death to determine whether one of both kidneys would be preferred over the other for harvesting based on difference in kidney function. A comparison between cortical perfusion and histopathology has not been made in human kidney allograft recipients to date. However, the percentage of affected tubules in kidney biopsy in mice with acute kidney injury was shown to correlate (r = 0.73) with relative kidney perfusion as determined with ASL (Hueper et al., 2014).

Diffusion Weighted Imaging (DWI)

Diffusion weighted imaging (DWI) measures the diffusion of water molecules in tissue. Since water motion in tissue is restricted, its diffusion constant differs from that of free water and is therefore described with the apparent diffusion coefficient (ADC). Applying a diffusion weighting (indicated by the b-value) causes loss of signal which is proportional to the ADC and can be modeled using a mono-exponential function. Seven studies investigated mono-exponential DWI in kidney transplantation patients (Table 4) (Thoeny et al., 2006; Blondin et al., 2011; Hueper et al., 2011, 2016; Lanzman et al., 2013; Park et al., 2014; Fan et al., 2016) Next to the microscopic diffusion of water the signal measured in DWI is also sensitive to the microcirculation. As such, the measured ADC using low b-values reflects both diffusion and perfusion and the signal can be better described using a bi-exponential model that accounts for contribution of both compartments, which is also known as Intravoxel incoherent motion (IVIM) imaging. Vermathen et al. investigated the variability in eight transplantation patients with stable kidney function using the bi-exponential model (Vermathen et al., 2012). After two sessions of DWI (7 ± 3 months and 32 ± 2 months after transplantation) coefficients of variation within and between individuals were low: <3.5 and <5.9%, respectively (Vermathen et al., 2012). A second and more important argument in favor of the use of the bi-exponential model is that contributions of pseudodiffusion and structural diffusion to total ADC can be assessed separately, and thus IVIM parameters may reveal structural tubular damage (Notohamiprodjo et al., 2015).


Table 4. Diffusion Weighted Imaging (DWI).
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Another way of describing the signal measured with DWI is the tensor model, also known as Diffusion tensor imaging (DTI). Diffusion of water within a compartment such as a blood vessel or tubule is restricted to a specific direction by boundaries of the compartment. This phenomenon is known as anisotropy. If DWI is performed in at least six unique directions it becomes possible to describe the anisotropic diffusion using the diffusion tensor from which a quantitative measure of anisotropy can be derived, e.g., the fractional anisotropy (FA). Data can be displayed more sophisticatedly by showing intervoxal connectivity, which is called tractography. In tractography in each voxel the primary diffusion direction is identified and described by a vector (more precisely the direction of its primary eigenvalue, i.e., one of three eigenvalues that are determined in the calculation of the diffusion tensor) (Mukherjee et al., 2008). Interpolation of this vector field visualizes the diffusion direction as fiber tracts (Mukherjee et al., 2008). In this way, DTI might enable the assessment of tubular and vascular membrane integrity (McRobbie et al., 2006).

Fan et al. used DTI to study kidney allograft function early after transplantation and found significant differences between medullary and cortical FA in all subjects: healthy volunteers, and allograft recipients with good, moderate, and severely impaired function (Fan et al., 2016). Medullary FA was larger than cortical FA, probably reflecting the highly organized radial structure of the tubular system, clearly visible in Figure 4, in contrast to the mesh of small vessels and glomeruli found in the cortex (Fan et al., 2016). This element in particular relates to the clinical use of DTI, since only medullary FA correlates with eGFR (Hueper et al., 2011, 2016; Lanzman et al., 2013). Similar to other studies mentioned above, lower cortical and medullary ADCs were found in patients with impaired graft function (Hueper et al., 2011; Lanzman et al., 2013; Fan et al., 2016). In addition, Cheung et al. related a decline in medullary FA and ADC to histologic injury (medullary cast formation and cell necrosis) seen in ischemic reperfusion injured kidneys of mice (Cheung et al., 2010). Hueper et al. also reported correlations between diffusion parameters and injury (r = −0.63 in FA and r = −0.65 in ADCmono) (Hueper et al., 2016). Although ADC coefficients show correlation with eGFR and are discriminative between normal and impaired allograft function in the acute phase, chronically malfunctioning allografts have only been studied using DWI in a small number of subjects. Therefore, whether DWI is applicable for long-term follow-up is as yet unknown.


[image: image]

FIGURE 4. (A,B): DTI images of the kidney in a healthy volunteer acquired at our center. Diffusion tracts running from the cortex through the medullary pyramids are depicted. The different colors indicate the net direction of diffusion. Source data for these images were retrieved from an existing dataset in our center (van Baalen et al., 2016).



T1 in the Rotating Frame (T1ρ)

A relatively new technique in kidney imaging is T1 in the rotating frame (T1ρ) (He et al., 2011). This modality is highly sensitive to interactions of large macromolecules including collagen (fibrosis) with water molecules. T1ρ is a well-established imaging technique in orthopedic radiology, originally being designed for measuring cartilage in skeletal joints (Li et al., 2011). A recent study applied this modality to the kidney (Rapacchi et al., 2015). In this study, that also investigated ASL, BOLD MRI, and DWI, a receiver operating characteristic analysis was conducted for medullary T1ρ relaxation time which yielded an area under the curve of 94% (95% CI: 82–100%) for prediction of lupus nephritis (Rapacchi et al., 2015). Since fibrosis is abundantly present in kidney allografts with impaired function, and, given these initial results that T1ρ appears to allow accurate visualization of fibrosis in kidney tissue, this technique is worth investigation in kidney allografts.

Ultrasmall Superparamagnetic Particles of Iron Oxide (USPIO) Enhanced Imaging

Labeling of macrophages is possible with infusion of ultrasmall superparamagnetic particles of iron oxide (USPIO), since these particles diffuse into extravascular space quickly after infusion and are then taken up by macrophages (Gellissen et al., 1999). Similar to deoxyHb in BOLD MRI, these particles influence the main magnetic field. Therefore, the discrepancy on [image: image] weighted images before and after infusion of ferumoxytol (i.e., USPIO) relates to regional macrophage infiltration, e.g., in glomeruli. The uptake of USPIO by macrophages in a rat model of acutely rejected kidney allografts was demonstrated more than a decade ago (Zhang et al., 2000; Ye et al., 2002) but Beckmann et al. were the first to show macrophage infiltration in rats with chronic allograft inflammation by USPIO enhanced imaging (Beckmann et al., 2003).

The clinical relevance of glomerular macrophage count (GMC) in kidney biopsies was demonstrated by Sentís et al., who found that the GMC is predictive of death-censored graft failure up to 500 days after biopsy (Sentís et al., 2015). The average time between transplantation and performance of kidney biopsy was 18 days, and therefore no conclusions could be drawn on the relevance of macrophages in chronic inflammation (Sentís et al., 2015). However, it suggests that the GMC may render valuable information in the chronic phase as macrophages play an important role in chronic inflammation leading to interstitial fibrosis and tubular atrophy (Dang et al., 2012). In a small study conducted in 12 patients, including five kidney transplantation patients, signal variation on [image: image] images correlated (r = −0.7, P = 0.011) to cortical macrophage infiltration (Hauger et al., 2007). A drop in medullar signal intensity could also be seen in three patients with acute tubular necrosis, which typically manifests in the renal medulla and is therefore not accompanied by cortical macrophage infiltration (Hauger et al., 2007). Apart from its potential as indicator of macrophage infiltration in functional imaging, USPIO have been suggested as a safer alternative to gadolinium in patients with severely impaired kidney function (Bashir et al., 2015; Mukundan et al., 2016). Still, it is of note that ferumoxytol, which in daily practice is mostly used for the management of iron-deficiency anemia in chronic kidney disease patients, is sporadically associated with hypersensitivity which could ultimately result in anaphylaxis. An incidence rate of 34.1 (95% CI: 23.1–50.0) per 100,000 new users for anaphylaxis was reported (Wang et al., 2015) but it must be pointed out that this study reported lower rates of anaphylaxis than clinical trials, possibly because cases of minor hypersensitivity reactions are not routinely registered if not in the setting of a clinical trial (Wang et al., 2016). It is also still unknown if rapid ferumoxytol infusion leads to increased incidence of anaphylaxis compared to slow infusion (Wang et al., 2015) but if used as a marker of macrophage infiltration slow infusion of ferumoxytol would suffice. In conclusion, experience with USPIO is limited to small studies. Large clinical trials are needed to prove safety of USPIO enhanced imaging (Finn et al., 2016).

Magnetic Resonance Elastography (MRE)

Research in healthy volunteers has shown that magnetic resonance elastography (MRE) is feasible and reliable for the assessment of kidney stiffness (Rouvière et al., 2011; Low et al., 2015). In an animal model of renal artery stenosis MRE could detect medullary stiffness, which reflected medullary fibrosis (Korsmo et al., 2013). The potential to acquire 3D images with MRE is a great advantage over ultrasound (US), which only yields 2D images, although spatial resolution of MR imaging is inferior to US (Grenier et al., 2013). Human research in the field of MRE is limited, because US is far more practical, less expensive and less labor intensive in the clinical setting than MRE.

SUMMARIZING DISCUSSION AND CONCLUSION

Novel imaging modalities have to pass the standard threshold of development before they are clinically implemented (Sado et al., 2011). Some of the MRI techniques discussed here are now at the stage where their disease-predictive nature has been demonstrated. All the above techniques correlate with functional parameters, mostly eGFR, and sometimes also with histopathology. However, these correlations are relatively modest, due to limitations in current interpretation software-tools, but also to the inherent insensitivity of eGFR to limited nephron loss (Pascual et al., 2012).

Most functional imaging techniques are not routinely used in clinical practice. However, chances are high that eventually imaging techniques, alone or in combination, will yield data precise enough to accurately diagnose (sub)clinical kidney disease. In the future MRI could become feasible as a screening tool in long-term follow-up of kidney allografts. Longitudinal information on active inflammation and existing fibrosis, a combination that was identified as a strong predictor for allograft loss (Haas, 2014) could be gained, and in this way MRI could contribute to clinical decision making. For instance, MRI findings suggestive for subclinical damage could support the decision to proceed to kidney biopsy in the absence of clinical symptoms. Lastly, the whole kidney fibrosis percentage can be estimated, which will allow better appreciation of the extent of fibrosis than with a biopsy.

Admittedly, progress made in the past decade toward clinical implementation is not satisfying. This may be partially explained by the fear of nephrogenic systemic fibrosis due to GBCAs. It should therefore be stressed that with current technology administration of GBCAs has become unnecessary in many cases. Awareness of the potential of functional MRI in long-term follow-up of kidney transplantation patients among nephrologists is warranted (Zhang et al., 2014a). This review illustrates that functional MRI has the potential to probe several pathophysiological mechanisms involved in kidney allograft dysfunction, and is a promising tool in long-term follow-up of kidney transplantation patients.
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The underlying mechanisms in the development of diabetic nephropathy are currently unclear and likely consist of a series of dynamic events from the early to late stages of the disease. Diabetic nephropathy is currently without curative treatments and it is acknowledged that even the earliest clinical manifestation of nephropathy is preceded by an established morphological renal injury that is in turn preceded by functional and metabolic alterations. An early manifestation of the diabetic kidney is the development of kidney hypoxia that has been acknowledged as a common pathway to nephropathy. There have been reports of altered mitochondrial function in the diabetic kidney such as altered mitophagy, mitochondrial dynamics, uncoupling, and cellular signaling through hypoxia inducible factors and AMP-kinase. These factors are also likely to be intertwined in a complex manner. In this review, we discuss how these pathways are connected to mitochondrial production of reactive oxygen species (ROS) and how they may relate to the development of kidney hypoxia in diabetic nephropathy. From available literature, it is evident that early correction and/or prevention of mitochondrial dysfunction may be pivotal in the prevention and treatment of diabetic nephropathy.
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DIABETIC NEPHROPATHY

Diabetic nephropathy accounts for ~45% of cases with end-stage renal disease (McCullough et al., 2007) and afflict about 30% of patients with diabetes mellitus (Hasslacher et al., 1989). Early diabetic nephropathy is evident as microalbuminuria (30–300 mg/day) and disease progression is characterized by progressively worsening albuminuria, loss of glomerular filtration rate, and structural changes such as thickening of glomerular basement membranes, extracellular matrix accumulation, and tubulointerstitial damage (Mauer et al., 1984; Brito et al., 1998; Katz et al., 2002; Mauer and Drummond, 2002). Currently, there are no curative treatments and disease progression ultimately results in requirement for renal replacement therapy i.e., dialysis or renal transplantation.

HYPOXIA IS AN ACKNOWLEDGED PATHWAY TO NEPHROPATHY

The oxygen levels in the kidney with oxygen tension in cortex around 50–60 mmHg and as low as 10–20 mmHg in medulla (Epstein et al., 1994) makes the kidney susceptible to diverse renal pathologies. The distribution of glycolytic enzymes has a heterogeneous pattern and are scarcely found from glomerulus until the loop of Henle with a multifold increase in thick ascending limb and along the rest of the nephron to the collecting duct (Guder and Ross, 1984). The proximal tubules therefore mainly rely on mitochondrial ATP production. However, the glycolytic enzymes in proximal tubules can be induced in hypoxia (Gullans et al., 1982; Dickman and Mandel, 1990). The theory of renal hypoxia has emerged as a pathway to nephropathy. It was suggested by Fine et al. that an initial glomerular injury would decrease blood flow through peritubular capillaries and decrease oxygenation, promoting tubulointerstitial fibrosis and damage progression, ultimately resulting in nephropathy (Fine et al., 1998). This theory is proposed to be a joint pathway for development of nephropathy in a number of conditions and not restricted to diabetic nephropathy alone. The chronic hypoxia theory has gained support in experimental animal studies (Palm et al., 2003; Ries et al., 2003; Rosenberger et al., 2008; Edlund et al., 2009; Haidara et al., 2009) as well as in human studies (Sayarlioglu et al., 2005; Hochman et al., 2007; Inoue et al., 2011). Navajo Indians living at high altitude have increased incidence of ESRD (non-diabetes-related; Hochman et al., 2007) and in patients suffering from sleep apnea the degree of nocturnal hypoxemia correlates with worsening kidney function (Sakaguchi et al., 2013). Also, patients with type 2 diabetes living at high altitude had increased incidence of diabetic nephropathy when compared to a similar patient group living at sea level. Importantly, glycaemia, hypertension, and lipidemia status were similar between the groups (Sayarlioglu et al., 2005). Expertly reviewed elsewhere, the support for kidney hypoxia as a common pathway to nephropathy is quite compelling (Nangaku, 2006; Singh et al., 2008; Mimura and Nangaku, 2010; Palm and Nordquist, 2011).

This review will not focus on the mechanisms of hypoxia resulting in nephropathy but rather the mechanisms that may influence the development of hypoxia, namely mitochondrial function and reactive oxygen species (ROS) production.

MITOCHONDRIAL PRODUCTION OF REACTIVE OXYGEN SPECIES IN THE DIABETIC KIDNEY

Production of ATP occurs in the mitochondrial inner membrane. In the electron transport system (ETS), the transferring of electrons from complex I to IV is coupled to translocation of protons to the intermembrane space, creating a membrane potential that is utilized by the ATP-synthase to produce ATP. Under normal conditions, ~0.1–0.2% of mitochondrial oxygen consumption is due to production of ROS (Kushnareva et al., 2002; St-Pierre et al., 2002). ROS production varies between different segments of the nephron where the medullary thick ascending limb of Henle (mTAL) is the predominant site of superoxide production in the kidney (Zou et al., 2001; Li et al., 2002). NADPH oxidase seems to be the main source of superoxide production in mTAL (Li et al., 2002) and tubular flow and luminal Na+ positively correlates with ROS production in this segment (Garvin and Hong, 2008; Cowley et al., 2015). Hall and colleagues demonstrated a higher total ROS production in proximal tubules compared to distal tubules (Hall et al., 2009). Inhibition of NADPH oxidase with apocynin revealed that the difference was attributed to higher NADPH oxidase activity in proximal tubules. The higher ratio of mitochondrial to nuclear volume in proximal tubules due to the larger cell size, indicate that the basal ROS production per mitochondrion is likely lower in proximal tubules. This fits with the lower membrane potential (Δψm) and reduction grade of the electron transport chain in proximal tubules (Hall et al., 2009).

In the diabetic kidney, a large body of evidence supports the role ROS-induced damage (reviewed in Forbes et al., 2008) and oxidative markers such as 2-isoprostane, 8-hydroxy-2-deoxyguanosine, nitrotyrosine, and thiobarbituric acid reactive substances have been shown to increase in numerous studies with experimental models of diabetes and in diabetic patients (Broedbaek et al., 2011). In 2000, Nishikawa et al. put forward the view that mitochondrial superoxide was the source of oxidative stress in diabetes (Nishikawa et al., 2000). The reasoning was that cellular hyperglycemia would promote excessive pyruvate uptake into the mitochondria and therefore substrates feeding electrons to the ETS, ultimately resulting in hyperpolarization of the mitochondrial membrane and increased superoxide production. They demonstrated that hyperglycemia increased mitochondrial superoxide production that could be normalized by inhibiting complex II, uncoupling mitochondrial membrane potential by carbonyl cyanide m-chlorophenyl hydrazone or overexpression of uncoupling protein 1 (UCP-1) and by the addition of manganese superoxide dismutase (mnSOD). Importantly, the normalization of mitochondrial superoxide production prevented glucose-induced activation of known pathways to diabetes-induced damage: protein kinase C activation, nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) activation, sorbitol accumulation, and the formation of advanced glycation end-products (Nishikawa et al., 2000).

Mitochondrial superoxide production is strongly regulated by mitochondrial membrane potential (Korshunov et al., 1997; Starkov and Fiskum, 2003; Lambert and Brand, 2004) and many reports show that mitochondria isolated from diabetic animals and cells cultured under hyperglycemic conditions display increased ROS production (Raza et al., 2004; Rosca et al., 2005; Yu et al., 2006; Quijano et al., 2007; Coughlan et al., 2009; Munusamy and MacMillan-Crow, 2009; Chacko et al., 2010; Sourris et al., 2012). Kidney cortex mitochondria isolated from type 2 diabetic db/db-mice show increased superoxide and hydrogen production that could be reduced by a mitochondrial antioxidant (Sourris et al., 2012). In kidney cortex of streptozotocin-induced diabetic rats, glycation of mitochondrial proteins was associated with decreased complex III-activity and increased superoxide production (Rosca et al., 2005). Coughlan et al. connected glucose-derived NADH (complex I substrate) to increased mitochondrial superoxide production in mesangial cells from diabetic rats (Coughlan et al., 2009). In bovine aortic endothelial cells, hyperglycemic culture conditions resulted in increased glucose metabolism, increased mitochondrial membrane potential, and increased formation of superoxide and hydrogen peroxide. Reducing mitochondrial membrane potential or inhibiting electron transport lowered mitochondrial ROS production whereas cells lacking mitochondria did not respond with increased ROS formation to hyperglycemic conditions (Quijano et al., 2007). Mitochondrial ROS production is also dependent on mitochondrial dynamics (Yu et al., 2006). Yu et al. showed in rat liver cells that upon high glucose exposure, mitochondria underwent rapid fragmentation and concomitantly increased ROS production. Inhibiting mitochondrial fragmentation prevented the glucose induced ROS production in several cell types (Yu et al., 2006, 2008).

Not all studies show increased mitochondrial ROS in diabetes. Real-time imaging and systemic administration of dihydroethidium (DHE) by Dugan et al. observed decreased superoxide production in intact kidneys of type 1 diabetic mice compared to control mice, also supported by electron paramagnetic resonance data in whole kidney homogenates. The reduced superoxide production was accompanied by hyper-phosphorylation of pyruvate dehydrogenase that contributes to deactivation of the enzyme. This leads to reduced conversion of pyruvate to acetyl coenzyme A and therefore reduced equivalents to the ETS that can reduce oxygen. The AMP-kinase (AMPK) activator 5-Aminoimidazole-4-carboxamide ribonucleotide (AICAR) restored the observed effects and the authors proposed a feed-forward cycle in which decreased AMPK activity would decrease mitochondrial biogenesis via peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α), a cycle that would be initiated and maintained through decreased mitochondrial ROS production (Dugan et al., 2013). However, DHE is prone to spontaneous oxidation and is affected by the general oxygen metabolism and technical aspects of its use are therefore important. Superoxide-specific DHE-metabolites can be separated by high performance liquid chromatography but not by its general fluorescence (Halliwell and Whiteman, 2004). Also, cortical tubular cells in diabetic animals have increased oxygen metabolism (Korner et al., 1994) with concomitantly decreased kidney oxygen tension (Palm et al., 2003) which will also affect general DHE-fluorescence even if the superoxide-specific products are still present. In the study by Dugan et al. measurements of ROS production were done in whole homogenate of kidneys (Dugan et al., 2013). Structural changes in diabetic nephropathy primarily affects the glomeruli and tubules, sites were diabetes-induced mitochondrial ROS-production has been reported. It may be postulated that measuring whole kidney ROS-production is not representative of alterations at the actual site of damage.

It has been proposed that the data in Dugan et al. (2013) can also be explained by glucose-induced increase in mitochondrial ROS production causing deoxyribonucleic acid (DNA) breaks in the nucleus, activating the repair enzyme poly adenosine diphosphate ribose polymerase (PARP). As NAD+ is a substrate for PARP its activation concomitantly reduces the NAD+ pool, reducing its availability for sirtuin 1, a known AMPK activator (Nishikawa et al., 2015). Therefore, PARP-activation could result in reduced AMPK activation creating a feed-forward loop of reduced AMPK and decreased mitochondrial biogenesis that is initiated by high mitochondrial ROS (Nishikawa et al., 2015). In contrast, Al-Kafaji et al. observed increased mitochondrial ROS with concomitant increased mitochondrial copy number in human mesangial cells as a result of high glucose exposure. These effects were abolished by addition of the MnSOD mimetic manganese (III) tetrakis (4-benzoic acid) porphyrin chloride (MnTBAP; Al-Kafaji and Golbahar, 2013).

It is important to remember that the inconclusive reports showing both higher and lower ROS production in the kidney in diabetes may represent a temporal effect in which the development of diabetic nephropathy may be a series of dynamic events where hyperglycemia may initially increase mitochondrial superoxide production but not able to maintain it as the disease progresses. Mitochondrial superoxide production may damage mitochondrial DNA and ETS itself, eventually resulting in reduced superoxide production (Xie et al., 2008; Tewari et al., 2012). Also, mitochondrial uncoupling, covered in the next section, may be an important mechanism to prevent excessive mitochondrial superoxide production.

MITOCHONDRIAL UNCOUPLING—A POTENTIALLY DETRIMENTAL CONSEQUENCE OF INCREASED ROS

Mitochondrial uncoupling is a process in which protons are released over the mitochondrial inner membrane independently of ATP-synthesis. This process results in the reduction of the mitochondrial membrane potential and therefore also decreased mitochondrial superoxide production (Nishikawa et al., 2000; Duval et al., 2002; Miwa and Brand, 2003; Starkov and Fiskum, 2003). However, in order to sustain ATP-production more electrons are transferred through the ETS and oxygen consumption is therefore increased. As the increased respiration is independent of ATP-production it is defined as leak-respiration and can be observed in isolated mitochondria under state 2 or 4 respirations or when the ATP-synthase is blocked by oligomycin. Physiologically, mitochondrial uncoupling is mediated by UCPs (Nicholls, 1976) that are sensitive to inhibition by purine nucleotides (Jaburek et al., 1999; Echtay et al., 2001) but can also be mediated by the adenine nucleotide transporter that is sensitive to carboxyatractyloside (Shabalina et al., 2006). UCP-2 is expressed in human kidney mitochondria (Fleury et al., 1997) as well as in rats and mice (Jezek et al., 1999; Friederich et al., 2009). In kidney cortex from type 1 diabetic rats UCP-2 expression was increased, resulting in increased mitochondrial leak-respiration that was sensitive to purine nucleotides (Friederich et al., 2008).

UCPs are proposed as the mitochondrial internal defense system against increased ROS production and several reports show that UCPs can be activated by superoxide (Echtay et al., 2002; Krauss et al., 2003) as well as by lipid peroxidation products (Echtay et al., 2003). In support, kidney cortex mitochondria of type 2 diabetic db/db-mice displayed increased mitochondrial leak respiration that was corrected after treatment with the antioxidant Q10 (Persson et al., 2012). The role of UCP-2 in regulating mitochondrial membrane potential and therefore ROS production has been reported in several studies. In murine endothelial cells, small interfering (si)-RNA toward UCP-2 resulted in increased mitochondrial membrane potential and ROS production (Duval et al., 2002). Macrophages from UCP-2 knockout mice display increased ROS production (Arsenijevic et al., 2000) and these mice display increased survival and clearance rates following infections (Arsenijevic et al., 2000; Rousset et al., 2006). In mice, the overexpression of UCP-2 in the brain is reported to decrease lesions and enhance neurological functions after ischemic insults (Mattiasson et al., 2003). Interestingly, after siRNA-mediated silencing of UCP-2 in diabetic rats it was observed that the adenine nucleotide transporter compensated with a further increased mitochondrial uncoupling in kidney cortex mitochondria (Friederich-Persson et al., 2012), indicating mitochondrial uncoupling as a mechanism of importance in the diabetic kidney.

While some report increased mitochondrial membrane potential with diabetes or hyperglycemic culture conditions (Nishikawa et al., 2000; Raza et al., 2004; Rosca et al., 2005; Yu et al., 2006; Quijano et al., 2007; Coughlan et al., 2009; Munusamy and MacMillan-Crow, 2009; Chacko et al., 2010; Sourris et al., 2012) not all studies do (Friederich-Persson et al., 2012; Persson et al., 2012). Studies that did not observe hyperpolarized mitochondria in diabetic kidneys also show the presence of mitochondrial uncoupling and increased mitochondrial membrane potential was only observed when mitochondrial uncoupling was blocked (Friederich-Persson et al., 2012; Persson et al., 2012). Thus, mitochondrial uncoupling may be a defensive strategy in order to maintain mitochondrial membrane potential at a normal level. Temporal effects may also be important. Munusamy et al. cultured proximal tubular cells under hyperglycemic condition and saw an initial increase in mitochondrial membrane potential and increased ROS-production. Importantly, this was followed by a second phase with reduced mitochondrial membrane potential and ROS production (Munusamy and MacMillan-Crow, 2009). It may be postulated that the second phase represents the initiation of mitochondrial uncoupling but the use of purine nucleotides or carboxyatractyloside were not employed to probe for possible mechanisms of leak respiration (Munusamy and MacMillan-Crow, 2009).

While mitochondrial uncoupling can be viewed as a mechanism protective of mitochondrial function it may be detrimental for the kidney due to the resulting increased oxygen consumption. The kidney is unable to correct increased oxygen usage with increased renal blood flow since that would increase tubular load of electrolytes destined for active transport and therefore in itself increase oxygen demand. Therefore, increased mitochondrial leak respiration would cause a decrease in renal oxygen availability and it has been suggested that diabetes-induced mitochondrial uncoupling contributes to the low oxygen tension seen in diabetic kidneys (Friederich-Persson et al., 2012). Indeed, treating healthy rats with the mitochondrial uncoupler dinitrophenol for 30 days results in kidney hypoxia, albuminuria, and tubulointerstitial damage without affecting levels of glycaemia or oxidative stress (Friederich-Persson et al., 2013).

AMPK SIGNALING IN THE DIABETIC KIDNEY

AMPK regulates anabolic processes and the AMPK activity is dependent upon the surrounding energy levels (Hardie et al., 2012). When AMP/ATP ratio is increased under conditions such as hypoxia, exercise and hypoglycemia AMPK is allosterically activated (Hardie et al., 2012). In addition, AMPK can also be activated by upstream kinases such as the liver kinase B1 (Hawley et al., 2003) and Ca2+/calmodulin-dependent protein kinase kinases β (Emerling et al., 2009). When activated, AMPK contributes to the inhibition of anabolic energy-consuming pathways and stimulates catabolic energy-producing pathways, thus leading to increased intracellular energy levels (Hardie et al., 2003).

In the diabetic kidney, despite renal hypoxia, AMPK is downregulated (Dugan et al., 2013). One possibility is that the degree of hypoxia may not be severe enough to result in AMPK-activation. Another possibility is the role of mitochondrial ROS production. Nishikawa recently proposed a hypothesis where ROS-induced activation of PARP may reduce the levels of NAD+ and thus AMPK-activity through reduced SIRT1-activity (Nishikawa et al., 2015). Also, Emerling and colleagues reported that hypoxic activation of AMPK is dependent on mitochondrial ROS production rather than AMP:ATP ratios (Emerling et al., 2009). ROS also appear to mediate calcium release from the endoplasmic reticulum which then contributes to the formation of CRAC channels. This contributes to amplification of the signal through the entry of calcium that subsequently activates Ca2+/calmodulin-dependent protein kinase kinases β that targets AMPK (Mungai et al., 2011). On the contrary, Dugan et al. observed decreased levels of ROS in the diabetic kidney and suggested a feed-forward cycle of decreased AMPK, PGC-1α, and mitochondrial biogenesis initiated and maintained by reduced mitochondrial ROS production (Dugan et al., 2013).

AMPK has emerged as a regulator of cellular redox state and expression of antioxidants through the class O forkhead box signaling pathway (Sanchez et al., 2012) that promotes cell survival, mitochondrial biogenesis, and longevity (Fernandez-Marcos and Auwerx, 2011; Martins et al., 2016). In response to metabolic stress, class O forkhead box 3 is activated by AMPK that subsequently leads to increased levels of endogenous antioxidants such as mnSOD as well as thioredoxin, peroxiredoxin, and catalase (Kops et al., 2002; Zrelli et al., 2011). Therefore, AMPK activation may have the potential to attenuate glucose-induced oxidative stress in diabetic nephropathy. The antidiabetic and AMPK activating drug metformin lowered ROS production, lipid peroxidation and increased the antioxidant system in kidneys in a rat model of gentamicin toxicity (Morales et al., 2010). HUVEC cells treated with AMPK activator AICAR displayed decreased hyperglycemia-induced ROS production, increased expression of PGC-1α, mnSOD, nuclear respiratory factor-1, and mitochondrial transcription factor A together with stimulated mitochondrial proliferation (Kukidome et al., 2006).

The conflicting literature regarding mitochondrial ROS production in diabetes makes the relationship between mitochondrial ROS production and AMPK activation especially difficult to interpret. However, if mitochondrial ROS production is increased with hyperglycemia, locally if not represented in the whole kidney, not only would increased mitochondrial ROS production result in mitochondrial uncoupling and contribute to hypoxia through that pathway but also result in reduced AMPK activation and thus fails to divert oxygen consumption from oxidative phosphorylation to the more oxygen-saving glycolysis. As AMPK is reported to be down-regulated in the diabetic kidney (Dugan et al., 2013), AMPK activators may have beneficial effects on kidney hypoxia. In cultured liver epithelial cells, metformin suppressed hypoxia inducible factor (HIF)-1α stabilization by decreasing cellular oxygen consumption (Minokoshi et al., 2004; Zhou et al., 2016). No studies to date have investigated whether AMPK-activators can affect kidney oxygenation in vivo. See Figure 1 for summary of proposed mechanisms.
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FIGURE 1. Summary scheme of how increased mitochondrial reactive oxygen species production (ROS) connects to decreased 5′ AMP-activated protein kinase activity. See text for further details. AMPK, AMP-activated protein kinase; CAMK-β, Ca2+/calmodulin-dependent protein kinase; CRAC, calcium release activated channel; ER, endoplasmic reticulum; FOXO3, Forkhead box O3; NAD, nicotinamide adenine dinucleotide; OX.PHOS, oxidative phosphorylation; PARP, poly (ADP-ribose) polymerase; ROS, reactive oxygen species; QO2, oxygen consumption.



Some caution is needed regarding possible off target effects of AMPK activators. Inhibition of hypothalamic AMPK is necessary for leptin's negative effects on food intake and body weight (Minokoshi et al., 2004; Hardie, 2015) and pharmacological AMPK activation may therefore alter the hormonal and nutrient-derived signals and energy balance (Hardie, 2015). Achieving tissue specific AMPK activation would therefore be optimal in any future AMPK-dependent treatments.

HYPOXIA INDUCIBLE FACTORS IN THE DIABETIC KIDNEY

The oxygen dependent degradation of HIF-1α regulates the activity of HIF-1 transcription factor complex (Chen and Sang, 2016). In normoxia, prolyl 4-hydroxylases hydroxylate HIF-1α, enables the binding to the von-Hippel-Lindau complex and subsequent proteosomal degradation by an E3 ubiquitin ligase complex (Chen and Sang, 2016). The stabilization or degradation of HIF is a swiftly regulated process. Upon reoxygenation after hypoxia, degradation of the HIF-1α protein occurs with a half-life of <1 min (Yu et al., 1998). Recent studies highlight that ROS partly play a role in the stabilization of HIF-1α (Irwin et al., 2009; Niecknig et al., 2012; Zepeda et al., 2013). Mitochondrial ROS in particular (Brunelle et al., 2005) and sirtuin-dependent transactivation of HIF have emerged as a key factor (Lim et al., 2010; Zhong et al., 2010; Finley et al., 2011; Hubbi et al., 2013). HIF-target genes include pyruvate dehydrogenase kinase 1 (Loenarz et al., 2011) that inhibits pyruvate dehydrogenase, reducing the entry of acetyl-coenzyme A to the tricarboxylic acid cycle (TCA) and therefore contributes to the hypoxia-induced switch from oxidative phosphorylation to glycolysis. Sustained HIF-signaling also induces angiogenesis through vascular endothelial growth factor (Conway et al., 2001) and hematopoiesis via erythropoietin (Semenza, 1999) and fibrotic encapsulation will occur in long-term hypoxia (Tanaka, 2017).

Systemic hypoxia leads to accumulation of HIF-1α in most tubular segments with varied intensity, depending on the nature of hypoxic stimulus (Rosenberger et al., 2002). By contrast, HIF-2α is expressed in endothelial cells of a small subset of glomeruli, peritubular endothelial cells and fibroblasts (Rosenberger et al., 2002). Interestingly, inducing HIF by the hypoxia mimetic cobalt chloride mainly contributes to HIF-1α in distal convoluted tubuli presumably related to uptake and accumulation (Nagao et al., 1999). Induced HIF-1α expression in the kidney has been demonstrated with diabetes in both rats (Rosenberger et al., 2008) and humans (Higgins et al., 2007; Shao et al., 2016) where overall HIF-signaling may contribute to renal injury. Higgins et al. showed that genetic ablation of epithelial HIF-1α in primary renal epithelial cells and in proximal tubules of kidneys subjected to unilateral ureteral obstruction inhibited the development of tubulointerstitial fibrosis, decreased inflammatory cell infiltration and reduced the number of fibroblast-specific protein-1-expressing interstitial cells (Higgins et al., 2007). Renal HIF-1α expression is also associated with tubulointerstitial injury in patients with chronic kidney disease (Higgins et al., 2007) and increased area of renal fibrosis has been observed in tubular epithelial cell specific von-Hippel-Lindau knockout mice (Kimura et al., 2008). Silencing HIF-1α with short hairpin RNA-technique significantly attenuated levels of collagen and α-smooth muscle actin and injury in kidneys from hypertensive rats (Wang et al., 2014). In addition, Nayak and colleagues observed reduced whole kidney glomerular hypertrophy, mesangial matrix expansion, extracellular matrix accumulation and urinary albumin excretion in diabetic mice upon treatment with the HIF-1 inhibitor YC-1 (Nayak et al., 2016).

In contrast, Nordquist et al. found no increase in HIF-responsive genes measured in whole kidney homogenates after 4 weeks of streptozotocin-induced diabetes where renal hypoxia was present (Nordquist et al., 2015). In this study diabetes-induced renal hypoxia, proteinuria and kidney injury were prevented by chronic HIF-activation via cobalt chloride (Nordquist et al., 2015), highlighting the importance of HIF-activation on regulating oxygen metabolism in diabetic nephropathy (further highlighted in Haase, 2015). Chronic HIF-activation has also been reported to be beneficial in an obese hypertensive model of type 2 diabetes where cobalt chloride did not affect metabolic parameters, obesity or hypertension but reduced proteinuria, improved kidney histology and decreased expression of fibrotic markers transforming growth factor β and connective tissue growth factor (Ohtomo et al., 2008).

Interestingly, kidney cortex mitochondria from diabetic animals in Nordquist et al. displayed mitochondrial uncoupling that was completely prevented by HIF-activation (Nordquist et al., 2015). In pulmonary artery smooth muscle cells, deficiency of mitochondrial UCP-2 resulted in hyperpolarized mitochondria, resistance to apoptosis, and reduced TCA cycle intermediates, changes that were replicated by hypoxia in wild type pulmonary artery smooth muscle cells. These results were substantiated in UCP-2 knockout mice when the mice displayed a pseudohypoxic state with increased pulmonary HIF-1α signaling, vascular remodeling and spontaneous development of pulmonary hypertension (Dromparis et al., 2013). It has been shown that mitochondrial ROS contributes to the stabilization of HIF (Brunelle et al., 2005), this through a ROS mediated activation of p38 mitogen-activated protein kinase (Emerling et al., 2005). However, as mitochondrial uncoupling proteins are also activated by ROS (Echtay et al., 2002) and some studies report normalized membrane potential in kidney cortex mitochondria isolated from diabetic rats and mice (Friederich-Persson et al., 2012; Persson et al., 2012) the glucose-induced mitochondrial uncoupling may act to prevent HIF-activation. Rosenberger et al. also observe this in a study where HIF-signaling could be enhanced by Tempol administration (Rosenberger et al., 2008), further suggesting an involvement of ROS. It has also been suggested that hyperglycemia directly interferes with HIF-signaling through hyperosmolarity as shown in endothelial cells and dermal fibroblasts (Catrina et al., 2004). Together, mitochondrial ROS and hyperglycemia may act to render the HIF-activation in diabetic kidneys submaximal.

Summarizing available data, a case can be made both for and against using chronic HIF-1α activation in diabetic nephropathy. Disparate results may well reflect the use of different models of diabetes but is also likely to reflect temporal aspects of HIF-activation; how long should HIF-activation be sustained and early or late in disease progression? These are just some of the issues that should be clarified in further studies.

MITOCHONDRIAL DYNAMICS AND MITOPHAGY IN THE DIABETIC KIDNEY

In healthy tissues, mitochondria are present in tubular networks that are constantly reworked by mitochondrial fission and fusion. Fission results in mitochondrial fragmentation and production of short rods and spheres whereas fusion results in long filamentous mitochondria. It is a highly dynamic process (Liesa et al., 2009; Westermann, 2010) and controlled by a set of proteins where dynamin related protein 1 (DRP1) and mitochondrial fission 1 protein (FIS1) controls fission and mitofusin 1–2 and optic atrophy 1 is in control of fusion (Chan, 2006).

As previously mentioned, mitochondrial dynamics is important for glucose-induced increase in mitochondrial ROS production (Yu et al., 2006). Wang et al. elegantly showed the role of Rho-associated coiled coil-containing protein kinase 1 in activation and recruitment of DRP1 to mitochondria upon high glucose stimulation, promoting mitochondrial fission, fragmentation, and higher ROS production in podocytes (Wang et al., 2012). High glucose exposure, expression of DRP1 and FIS1 is induced in endothelial cells together with a loss of the mitochondrial network (Shenouda et al., 2011). Inhibiting DRP1 can also attenuate acute kidney injury and tubular cell apoptosis in mice (Brooks et al., 2009). Similarly, boosting mitochondrial fusion by overexpressing mitofusion 2 resulted in reduced proteinuria, kidney hypertrophy and albumin:creatinine ratio together with improved pathological changes in diabetic rats (Pawlikowska et al., 2007). Mitochondrial fission and concomitantly increased ROS production that contributes to the deleterious impact on kidney function is evident in diabetes. Thus, inhibiting fission and/or promoting fusion may impede the progression of DN.

Selective degradation of mitochondria by the autophagic machinery is termed mitophagy (Lemasters, 2005) and mitochondria must undergo fragmentation into spheroids before being encapsulated within autophagic vesicles (Twig et al., 2008). Dysfunctional mitochondria that have lost their membrane potential are tagged for mitophagy clearance via the PTEN-induced putative kinase (Matsuda et al., 2010; Vives-Bauza et al., 2010), a serine/threonine-protein kinase located on the mitochondrial outer membrane. PTEN-induced putative kinase is a docking protein for parkin, a key protein to direct damaged mitochondria for engulfment by autophagosomes (Matsuda et al., 2010; Narendra et al., 2010; Vives-Bauza et al., 2010; Lazarou et al., 2013).

The observed accumulation of damaged mitochondria in the kidney in diabetes indicates impairment in the mitophagy system (Kimura et al., 2011; Liu et al., 2012; Takahashi et al., 2012) and autophagy has previously been linked to the pathogenesis of diabetic nephropathy, acute kidney injury and polycystic kidney disease (Huber et al., 2012). Sequestosome 1 (P62/SQSTM1) is an autophagy marker that correlates inversely to autophagic flux (Vallon et al., 2013). In a rat type 2 diabetes model, p62/SQSTM1 was increased (Kitada et al., 2011) and reduced levels of autophagy markers were observed in mouse glomerular lysates 28 days after streptozotocin injection (Fang et al., 2013). Decreased staining of the autophagy marker, LC3-phosphatidylethanolamine conjugate (LC3-II) was also observed in podocytes from human biopsies obtained from patients with diabetes (Fang et al., 2013). Thioredoxin interacting protein, another mitophagy regulator, is upregulated and results in increased ROS production, inflammation and fibrosis in the diabetic kidney (Devi et al., 2012; Mahmood et al., 2013).

Cellular homeostasis is dependent on a dynamic balance between fission and fusion and it is clear that in mitochondrial dynamics and mitophagy is affected in the diabetic kidneys. Many reports relate this to mitochondrial ROS production that will in turn affect pathways related to kidney hypoxia such as AMPK-signaling, HIF-activity and mitochondrial uncoupling. Interestingly, Galloway and colleagues showed that inhibiting mitochondrial fission in hepatocytes overexpressing dynamin like protein (DLP-1) caused increased proton leak with a functionally intact electron transport chain (Galloway et al., 2012). Whether pharmacological blockade of mitochondrial fission is beneficial in diabetic nephropathy is currently unclear and it should be cautioned that chronic disruption of fission might eventually induce mitochondrial dysfunction via uncoupling, accumulation of damaged mitochondria, and cell injury.

SUMMARY AND CONCLUSIONS

The development of diabetic nephropathy is likely to represent a series of dynamic events. Many studies report altered mitochondrial function in the diabetic kidney. These alterations include altered mitophagy, mitochondrial dynamics, mitochondrial uncoupling, and signaling through AMPK and HIF. Herein, we have discussed how these pathways may relate to mitochondrial ROS production in the diabetic kidney. In experimental models, correcting mitochondrial ROS production reduces albuminuria in diabetic mice (Sourris et al., 2012) and preventing ROS induced mitochondrial leak-respiration improves kidney function (Persson et al., 2012). However, a recent phase 3 study where the nuclear respiratory factor 2-inducer bardoxolone methyl was used for targeting diabetic nephropathy failed to improve the outcome of end-stage renal disease or cardiovascular mortality. Instead, increased albuminuria, heart-failure, and hypertension in patients with advanced diabetic nephropathy contributed to early termination of the study (de Zeeuw et al., 2013).

Many of the discussed factors are intertwined in a complex manner, making it very difficult to highlight a specific mechanism in the diabetic kidney. Partly underlying the difficulty of highlighting a specific mechanism is the functional heterogeneity of the kidney. Different segments have different function and surrounding oxygen levels, different levels of the discussed cellular pathways and different sources and levels of ROS production. However, from available literature it seems clear that mitochondrial ROS production may be a joint mechanism. The resulting effects on mitochondrial and cellular pathways affecting oxygen metabolism may play an important role in the development of diabetic nephropathy. For a schematic summary, see Figure 2. The correction and/or prevention of mitochondrial dysfunction may be pivotal in the prevention and treatment of diabetic nephropathy.
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FIGURE 2. Schematic summary of how increased mitochondrial reactive oxygen species (ROS) production connects to renal hypoxia and diabetic kidney injury. High glucose results in increased mitochondrial ROS-production through glycation and damage of electron transporting complexes and an increased load of electron donating substrates, resulting in an increased mitochondrial membrane potential. High glucose results in mitochondrial fragmentation and due to glucose-induced alterations in mitophagy there may be an accumulation of damaged and fragmented kidney mitochondria in diabetes. Mitochondrial ROS-production can reduce activation of 5′ AMP-activated protein kinase (AMPK), resulting in decreased antioxidant systems, creating a circle that contributes to mitochondrial damage and perhaps further enhanced ROS-production. Decreased AMPK-activity will also fail to divert oxygen consumption (QO2)-expensive pathways such as oxidative phosphorylation to QO2-saving pathways such as glycolysis. High glucose and increased mitochondrial ROS production will increase expression and activation of uncoupling protein-2. The process of mitochondrial uncoupling will reduce mitochondrial membrane potential and ROS production but will concomitantly increase mitochondrial QO2. High glucose can increase hypoxia inducible factor (HIF)-1α expression and mitochondrial ROS-production contributes to HIF activation. Hyperosmolarity can interfere with HIF signaling and chronic activation of HIF can prevent renal hypoxia. On the other hand, various inhibitors of HIF attenuates renal injury, raising the issue whether kidney HIF signaling is submaximal or excessive in diabetes. Differences in study results may involve methodological setup in terms of model of diabetes or other kidney disease but also the time point of intervention. In summary, increased mitochondrial ROS-production affects pathways in manners that can contribute to increased kidney QO2 and may therefore be an important mechanism in the development of kidney hypoxia and diabetic kidney injury. AMPK, AMP-activated protein kinase; FAD, flavin adenine dinucleotide; H+, proton; HIF, hypoxia inducible factor; IMS, intermembrane space; NAD, nicotinamide adenine dinucleotide; [image: image], superoxide ion; OX.PHOS, oxidative phosphorylation; PDH, pyruvate dehydrogenase; TCA, tricarboxylic acid cycle; ROS, reactive oxygen species; UCP, uncoupling protein; QO2, oxygen consumption.
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Blood pressure, renal hemodynamics, electrolyte, and water excretion all display diurnal oscillation. Disturbance of these patterns is associated with hypertension and chronic kidney disease. Kidney oxygenation is dependent on oxygen delivery and consumption that in turn are determined by renal hemodynamics and metabolism. We hypothesized that kidney oxygenation also demonstrates 24-h periodicity. Telemetric oxygen-sensitive carbon paste electrodes were implanted in Sprague-Dawley rats (250–300 g), either in renal medulla (n = 9) or cortex (n = 7). Arterial pressure (MAP) and heart rate (HR) were monitored by telemetry in a separate group (n = 8). Data from 5 consecutive days were analyzed for rhythmicity by cosinor analysis. Diurnal electrolyte excretion was assessed by metabolic cages. During lights-off, oxygen levels increased to 105.3 ± 2.1% in cortex and 105.2 ± 3.8% in medulla. MAP was 97.3 ± 1.5 mmHg and HR was 394.0 ± 7.9 bpm during lights-off phase and 93.5 ± 1.3 mmHg and 327.8 ± 8.9 bpm during lights-on. During lights-on, oxygen levels decreased to 94.6 ± 1.4% in cortex and 94.2 ± 8.5% in medulla. There was significant 24-h periodicity in cortex and medulla oxygenation. Potassium excretion (1,737 ± 779 vs. 895 ± 132 μmol/12 h, P = 0.005) and the distal Na+/K+ exchange (0.72 ± 0.02 vs. 0.59 ± 0.02 P < 0.001) were highest in the lights-off phase, this phase difference was not found for sodium excretion (P = 0.4). It seems that oxygen levels in the kidneys follow the pattern of oxygen delivery, which is known to be determined by renal blood flow and peaks in the active phase (lights-off).

Keywords: kidney oxygenation, circadian rhythm, renal cortex, renal medulla, hypertension, hypoxia

INTRODUCTION

Endogenous timing mechanisms have evolved to adapt to environmental changes imposed by alternating periods of light and darkness. Twenty-four hours patterns in sleep, activity, food intake, and excretion are well-known representatives of such physiological homeostatic adaptations. Via the kidneys, these homeostatic mechanisms maintain constancy of the bodies' extracellular fluid compartment throughout the 24-h cycle.

In mammals, diurnal variations in urinary volume and electrolyte excretion are the best studied features of 24-h renal rhythm. Urinary excretion of water, sodium, and potassium peak during the active period of the day when intake is also highest (Cohn et al., 1970; Hilfenhaus, 1976; Pons et al., 1996; Zhang et al., 2015). Concomitantly, the activity of the renin-angiotensin-aldosterone system (RAAS), which is a major regulator of blood pressure, appears in a circadian fashion in rodents (Hilfenhaus, 1976), and humans (Armbruster et al., 1975; Mahler et al., 2015). Herein, plasma aldosterone levels peak just before the activity phase and are inverted by reversal of the light-dark cycle (Hilfenhaus, 1976).

Disturbance of the circadian blood pressure pattern, exposed as a non-dipping profile at night, is associated with hypertension and nephropathy (Fukuda et al., 2006; Sachdeva and Weder, 2006). Sleep problems have been reported in almost 80% of end-stage renal disease patients (Koch et al., 2009), and a disturbed blood pressure pattern is associated with higher risk for chronic kidney disease (CKD) (Portaluppi et al., 1991). Not surprisingly, restoration of the dipping profile during the inactive phase has been a target of interest for anti-hypertensive chronotherapy (Simko and Pechanova, 2009). Timed-inhibition of the renin angiotensin system can be used to suppress the rise in blood pressure upon awakening (Oosting et al., 1999). Disturbed renal sodium transport seems to be linked to abnormal circadian blood pressure profiles (Fujii et al., 1999).

Troughs in the excretion patterns of electrolytes typically occur during the resting or sleeping phase of the 24-h cycle. Assuming that the kidneys consume most energy and oxygen on sodium transport (Brezis et al., 1994), one could hypothesize that tissue oxygen concentration (pO2) in renal tissue is lowest when sodium reabsorption activity is highest. On the other hand, the increased oxygen use in the kidney may be fully matched by increased oxygen delivery because 24-h variations in blood pressure and renal blood flow coincide with periods of highest excretion (Pons et al., 1996). Normal kidney oxygenation is crucial as disturbed pO2 within the kidneys has been linked to the progression of CKD (Evans et al., 2013). Data on 24-h variations in oxygenation are lacking because, until recently, it was not possible to measure kidney oxygenation continuously. To answer the question whether 24-h variations in renal function are associated with synchronous variations in renal oxygenation, pO2 levels in the kidney were continuously monitored in healthy rats by a telemetry based technique for 5 consecutive days. Additionally, 24-h variations in tissue oxygenation were compared for renal cortical and medullary tissue and linked to the magnitude of day/night differences in water and food intake, and urinary water and electrolyte excretion. Very recently, Adamovich et al. described that oxygen levels may adjust the timing of the internal circadian clock (Adamovich et al., 2017). They showed that in the rat kidney (cortex) a circadian rhythm in pO2 levels can be detected. In this study we further substantiate these finding and expand this to both the medullary and cortical region in the kidney.

METHODS

Animals

Experiments were conducted in male Sprague Dawley rats (250–300 grams, supplier: Charles River). All procedures were approved by the Animal Ethics Committee of University of Utrecht (DEC 2014.II.03.015) and were in accordance with the Dutch Codes of Practice for the Care and Use of Animals for Scientific Purposes. All animals were kept on a 12 h light/dark cycle with lights-on at 6 a.m. (ZT 0), and lights-off at 6 p.m. (ZT 12). Rats had access to water and standard rat chow (contains 0.3% Na+ and 0.69% K+) ad libitum. To promote animal welfare and normal physiological activity around the clock, the rats were cohoused. Only during urine collection for electrolyte analysis were the rats housed individually for 24 h.

System Overview

The telemetry based technique to measure oxygenation in the kidney has been described in detail (Emans et al., 2016; Koeners et al., 2016). In summary, oxygen sensitive carbon paste electrodes were implanted in the right kidney, either in the cortex (n = 7) or medulla (n = 9). The kidney was exposed via laparotomy. The telemeter (TR57Y, Millar, Houston, US) was placed in the rat abdomen. After 2 weeks of complete recovery and stabilization of oxygen signal, 24-h oscillations in pO2 were recorded continuously. In a third group, blood pressure telemeters (TRM54P, Millar, Houston, US) were implanted in the abdominal aorta (n = 8).

Analysis

After subtraction of the off-set value, original pO2 data were filtered with a 25 Hz low-pass digital filter. Artifacts were removed when the 1st order derivative exceeded a threshold of 5 nA/s, as described previously (Emans et al., 2016). To describe the 24-h rhythm, 1 h average pO2-values were calculated. These hourly averages were used to determine the mean pO2 level over the 5 consecutive days and were then re-expressed relatively to this 5-day mean value (MESOR). The Cosinor method was applied to determine the amplitude and phase of the oscillation in the pO2 signal (Refinetti et al., 2007). Twenty-four hours rhythmicity was determined when the amplitude of the fitted curve was significantly >0. For blood pressure and heart rate, absolute values were used.

Electrolyte Excretion

Rats were individually housed in metabolic cages for 24 h (n = 13) to determine water and food intake and to collect urine. Urine was sampled in epochs of 12 h starting at 6 p.m. (lights-off/active phase) and continued at 6 a.m. (lights-on/resting phase). In these 12-h urine samples sodium and potassium concentrations were determined by flame photometry (Model 420, Sherwood, UK). Urinary creatinine was determined by DiaSys Kit (DiaSys Diagnostic Systems, Holzheim, Germany). Distal sodium/potassium exchange was quantified as kaliuresis/(natriuresis + kaliuresis; Hene et al., 1984).

Statistics

Data are expressed as mean ± SEM. The data collected during active respectively resting phase were compared by paired Student's t-test. Differences were considered significant when p < 0.05.

RESULTS

An original tracing of 3.5-day consecutive recording of cortical pO2 levels is depicted in Figure 1A. An example of a tracing obtained with the probe in the medulla is presented in Figure 1B. On visual inspection of the raw telemetric data, oxygen levels in both the cortex and medulla peaked during the lights-off period in these nocturnally active rats, while trough values were usually found during the lights-on or resting period of the day. The 5-day mean was set at 100% pO2. Quantification of these observations by the Cosinor analyses revealed that during the lights-off phase, oxygen levels increased to 105.3 ± 2.1 and 105.2 ± 3.8% in renal cortex and medulla, respectively. During the lights-on phase, oxygen levels decreased to 94.6 ± 1.4% in cortex and 94.2 ± 8.5% in medulla, relatively to the 5-day mean (Table 1). The mean amplitude of the fitted curve for pO2 rhythmicity tended to be larger in cortex than in medulla (5.8 vs. 4.9%), although this difference was not significant (Figure 2). Ninety-five percentage Confidence intervals (95% CI) of both cortex and medulla oxygenation did not exceed the MESOR. Twenty-four hours blood pressure and heart rate rhythms were in phase with those occurring in pO2.


[image: image]

FIGURE 1. Representative examples of original recordings (A) in a rat with an oxygen sensor placed in the cortex of the kidney and (B) in another rat with the probe in the renal medulla. Data are 10 second averages during consecutive days. Note that in both cortex and medulla, tissue oxygenation peaks during the lights-off (active) period of the day (marked in gray). Troughs in tissue pO2 are visible in the lights-on (resting) period.




Table 1. Circadian parameters in oxygenation, blood pressure, and heart rate.
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FIGURE 2. Cosinor analysis of the averaged circadian rhythms in kidney oxygenation, blood pressure, and heart rate. Data are plotted as hourly mean values ± SEM as recorded over 5 days in each rat relatively to the overall mean value (=MESOR, indicated by the dotted line). Note that different rats were used for obtaining oxygenation in (A) cortical and (B) medullary pO2 as well as for the (C) blood pressure. (D) Heart rate values were derived from blood pressure measurements. A significant circadian rhythm was assessed when the amplitude of the fitted curve was statistically >0, see Table 1.



Water and food intake were significantly higher during the lights-off phase than during the lights-on phase (28 ± 2 vs. 4 ± 1 ml and 20 ± 1 vs. 3 ± 1 g, P < 0.001, Figures 3A,B). Urine volume did not differ much between lights-off and lights on (Figure 3C). Creatinine excretion tended to increase during the lights-off vs. lights-on phase (P = 0.052, Figure 3D). There was no phase difference for urinary sodium excretion or Na+/creatinine (Figures 3E,H), but urinary potassium excretion and K+/creatinine were increased during the 12 h lights-off vs. the lights on period (P < 0.01, Figures 3F,I). Distal Na+/K+ exchange (kaliuresis/natriuresis + kaliuresis) was increased in the lights-off period (P < 0.001, Figure 3G).
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FIGURE 3. Water and food intake and urine analysis. Rats were individually housed in metabolic cages for 24 h. Urine was collected in 2 samples, one during the lights-off (active) and one during the lights-on (resting) period. Individual data and mean ± SEM are indicated for (A) water intake, (B) food intake, (C) urine volume, (D) creatinine excretion, (E) Na+ excretion, (F) K+ excretion, (G) Urine K+/Urine (K+ + Na+) as an estimate of distal Na+/K+ exchange, (H) Na+/creatinine, and (I) K+/creatinine. Lights-on/off differences were compared with paired Student's t-tests.



DISCUSSION

Normotensive rats display a significant diurnal rhythmicity in renal oxygenation (Adamovich et al., 2017). In this study we dissected the rhythmicity of cortical and medullary oxygenation, that both follow a diurnal pattern. Using telemetric techniques, peak values in tissue oxygenation were found during the lights-off period when renal excretion of electrolytes was highest. Trough values in renal pO2-values were observed during the lights-on period when excretion patterns are minimal. These data suggest that the circadian rhythm in (both cortical and medullar) pO2 is mainly the result of a 24 variation in oxygen delivery to the kidneys.

In rats, cardiac output and blood pressure are highest during the lights-off period (Oosting et al., 1997), when rats display highest locomotor activity and eat and drink the most. Assuming that during normal activity renal blood flow is stable at approximately 20% of cardiac output, oxygen delivery is highest to this organ during the active phase. While direct renal blood flow measurements are not available over 24 h, previous studies in rats using inulin and p-aminohippuric acid clearance have repeatedly (Pons et al., 1996) shown that GFR and RBF indeed peak during the lights-off period. This corroborates the hypothesis that oxygen delivery is the most important determinant of this circadian pattern in oxygenation. Recently, 24-h oxygen recordings in the kidneys have been obtained in sheep (Calzavacca et al., 2015). In that study, a clear 24-h pattern in tissue oxygenation of the kidneys was absent. RBF and tissue perfusion did not show a circadian fluctuation either. Presumably, there was a suppression of normal locomotor activity in these sheep because they were housed in metabolic cages. In the current study, we co-housed the rats to facilitate normal social behavior and thereby normal locomotor activity. An alternative explanation for the discrepancy between our observations and those in sheep may be that ruminants have a less pronounced fasting phase than omnivorous species such as rats and that that the delivery of nutrients is more constant than in diurnal active species such as rats. While studying mechanisms of 24-h variation in potassium excretion, Steel et al. found that the bulk of potassium excretion was determined by food intake (delivery) rather than the flow (Steele et al., 1994). This suggests that peak oxygen levels in the kidneys may also occur in parallel with delivery patterns of certain nutrients, waste products, or electrolytes. Future studies are needed to sort out cause and consequence of such associations. Very recently, a similar daily pattern in pO2 in the kidney was briefly described in rodents. Peak values were found during lights-off, when oxygen consumption rate was highest as well (Adamovich et al., 2017).

In rats ANGII and Aldosterone peak during the lights-on period, when electrolyte excretion is lowest (Hilfenhaus, 1976; Lemmer et al., 2000; Naito et al., 2009). These hormones stimulate tubular sodium re-absorption during the lights-on period and thereby determine oxygen use. Presumably, this is an evolutionary mechanism to retain fluids when water intake is low. RBF and GFR also exhibit 24 h periodicity, peaks during lights-off and troughs during lights-on (Pons et al., 1996). Important genes related to renal sodium and water transport, like NHE, aquaporin 2 and 4, have been linked to circadian expression (Saifur Rohman et al., 2005). A lower kaliuresis and distal Na+/K+ exchange at the time of a decline in tissue oxygenation at rest suggest that oxygen consumption per se is not contributing to the pattern of renal oxygen content in our study.

The variations in arterial blood pressure and heart rate throughout the day have been studied in detail in healthy, chronically instrumented rats (Henry et al., 1990; Janssen et al., 1992; Teerlink and Clozel, 1993; van den Buuse, 1994). The variation between the nightly peaks and daily troughs are less pronounced in our study than reported by some others. This is probably caused by the fact that the light dark cycle in the animal room corresponded with real day and night making it possible that researcher or care taker-induced minor disturbances may have occurred in the recordings during the daily resting phase of the animals thereby underestimating the current 24-h amplitude in blood pressure oscillation. Reversing the experimental light/dark cycle would probably not have diminished the current 24-h amplitudes but actually magnified them. This may also apply for pO2-values. We decided to set the 5-day mean at 100% pO2 for each animal to allow inter-animal comparison (Emans et al., 2016). The between animal comparison would decrease the sensitivity by introducing a large SD between animals and obscuring day/night variation within one animal. Another technical limitation (inherent to studying small rodents) was that we were not able to record RBF variations. However, our setting does not interfere with natural behavior and physiological processes of the nocturnal animals. The rats were unrestrained and cohoused, which allows them full activity at night, accompanied by higher heart rates and probably a higher RBF as well.

Oxygen and arterial pressure assessment could not be performed in the same animal. Cortex and medulla recordings were also performed in separate animals. However, the rhythms were consistent within each of the three groups, suggesting that extrapolation of the results to the full set is acceptable. The animals were fully acclimatized toward the 12:12 light dark cycle in our facility. Our assessment of natriuresis may have been affected by our chosen 12-h sampling period, because sodium excretion can peak just before the light phase (Roelfsema et al., 1980; Pons et al., 1996). Due to ethical and technical issues, we decided not to acclimatize our rats to metabolic cage housing. This may have interfered with the excretion values calculated from collected urine. Other researchers, who applied an equilibration period in metabolic cages for 2–3 days (Nikolaeva et al., 2012; Johnston et al., 2016) did find significant differences in urine sodium excretion in rodents. However, since diurnal effects were prominent for fluid and food intake, urine flow, kaliuresis, and distal Na/K exchange, this suggests that, if anything, these diurnal differences would have been even more marked in acclimatized rats.

The kidney has more clock regulated genes than most other organs (Gumz, 2016). It has also been suggested that every cell type in the kidney follows its own circadian clock (Tokonami et al., 2014). Probably cortex and medulla follow their own circadian pattern as well. However, we did not find a different pattern in oxygenation between cortex and medulla. Our data suggest that the kidney may be more vulnerable to hypoxia during sleep. Actions that make the kidneys hypoxic in general could lead to damage during the resting phase, when the oxygen concentrations are already somewhat lower. This could be relevant in the pathogenesis of diseases that are associated with low oxygenation at night, such as obstructive sleep apnea and the associated progression of renal disease. One could argue that diseases associating with kidney hypoxia, for instance CKD (Evans et al., 2013) and diabetes (Franzen et al., 2016), could be more progressive during the resting phase. On the other hand, our data may also provide a new look at the association of neglecting to align with the inner circadian clock (e.g., in shift workers) with the development of hypertension and CKD (Lieu et al., 2012). Furthermore, low oxygen levels at rest could contribute to the non-dipping profile and hypertension, because low levels of oxygen in the kidneys may not allow a normal decline in MAP and RBF during rest.

In conclusion, the circadian rhythm of regional kidney oxygenation that we describe, is a new phenomenon that provides further research opportunities for the onset and progression of hypertension and CKD.
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Blood Pressure Increase during Oxygen Supplementation in Chronic Kidney Disease Patients Is Mediated by Vasoconstriction Independent of Baroreflex Function
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Renal hypoxia is thought to be an important pathophysiological factor in the progression of chronic kidney disease (CKD) and the associated hypertension. In a previous study among CKD patients, supplementation with 100% oxygen reduced sympathetic nerve activity (SNA) and lowered blood pressure (BP). We aimed to assess the underlying haemodynamic modulation and hypothesized a decreased systemic vascular resistance (SVR). To that end, 19 CKD patients were studied during 15-min intervals of increasing partial oxygen pressure (ppO2) from room air (0.21 ATA) to 1.0 ATA and further up to 2.4 ATA, while continuously measuring finger arterial blood pressure (Finapres). Off-line, we derived indexes of SVR, cardiac output (CO) and baroreflex sensitivity from the continuous BP recordings (Modelflow). During oxygen supplementation, systolic, and diastolic BP both increased dose-dependently from 128 ± 24 and 72 ± 19 mmHg respectively at baseline to 141 ± 23 (p < 0.001) and 80 ± 21 mmHg (p < 0.001) at 1.0 ATA oxygen. Comparing baseline and 1.0 ATA oxygen, SVR increased from 1440 ± 546 to 1745 ± 710 dyn·s/cm5 (p = 0.009), heart rate decreased from 60 ± 8 to 58 ± 6 bpm (p < 0.001) and CO from 5.0 ± 1.3 to 4.6 ± 1.1 L/min (p = 0.02). Baroreflex sensitivity remained unchanged (13 ± 13 to 15 ± 12 ms/mmHg). These blood pressure effects were absent in a negative control group of eight young healthy subjects. We conclude that oxygen supplementation in CKD patients causes a non-baroreflex mediated increased in SVR and blood pressure.

Keywords: chronic kidney disease, hypertension, hyperbaric oxygen supplementation, renal hypoxia, systemic vascular resistance, cardiac output

INTRODUCTION

Hypertension is a hallmark of chronic kidney disease (CKD). There is substantial evidence that this can be attributed to increased sympathetic nerve activity (SNA) (Converse et al., 1992; Koomans et al., 2004; Neumann et al., 2004; Herzog et al., 2008). The mechanisms underlying increased SNA in CKD are not completely understood. Several studies have reported an attenuation of SNA and blood pressure (BP) following bilateral nephrectomy (Medina et al., 1972; Getts et al., 2006; Gawish et al., 2010). This has founded the concept that the trigger of the enhanced central sympathetic outflow in CKD patients resides in the affected kidneys themself. Deterioration of renal oxygenation by altered renal perfusion and increased metabolic demand has been postulated as a common factor in the progression of CKD (Eckardt et al., 2005; Evans et al., 2013) and nephrogenic sympathetic hyperactivity and hypertension (Converse et al., 1992; Hausberg, 2002; Siddiqi et al., 2009).

In this respect, altered renal chemo-receptor activation in CKD has been studied by various groups (Hausberg and Grassi, 2007; Hering et al., 2007; Park et al., 2008). Of special interest is a study by Hering et al. who exposed CKD patients (mean serum creatinine 5.5 ± 0.3 mg/dL) to 100% oxygen over a non-rebreathing mask for 15 min. This resulted in a 30% reduction in SNA accompanied by a lower pulse pressure (Hering et al., 2007). This response was absent in healthy controls and non-CKD patient populations (Kones, 2011; Stub et al., 2015). Therefore, the observed effects on sympathetic nerve activity and BP were attributed to CKD-specific hypoxia-mediated renal chemo-reflex deactivation. Additional support for the existence of a kidney-derived chemo-reflex, were the observations in non-CKD sympathetically hyperactive patient groups not showing such a response (Ganz et al., 1972; Thomson et al., 2002). Thus, the haemodynamic response to oxygen supplementation appears to be uniquely different in CKD patients.

Ever since, it has been assumed that the underlying mechanism of the BP effects of oxygen supplementation in CKD patients is mediated by a decrease in sympathetic outflow leading to a reduction in systemic vascular resistance (Thukkani and Bhatt, 2013). However, so far this has never been substantiated. Therefore, we set out to revisit and further explore the concept that systemic hyperoxia suppresses vasoconstrictor activity and BP in CKD patients. Our aim was to elaborate on the haemodynamic mechanisms underlying the BP changes as previously reported by others. We hypothesized: (1) that the previously observed decrease in BP is the effect of a decrease in (sympathetically mediated) systemic vascular resistance (SVR), and (2) that this effect is related to the amount of oxygen provided in a dose-dependent fashion.

MATERIALS AND METHODS

Participants

We studied 19 CKD patients (14 males, 5 females; age 62 ± 10 years, BMI 25.7 ± 3.7 kg/m2, eGFR 23.6 ± 7.2 mL/min/1.73 m2). Of all patients, values of hemoglobin and proteinuria were available from clinical routine testing within 3 months before the study. Baseline characteristics, including medication use and disease background are given in Table 1. To verify the known hemodynamic effects of hyperoxia and thereby the accuracy of our methods, we also included a group of eight young healthy subjects (6 males and 2 females, mean age 26 ± 3 years, BMI 23.1 ± 2.7 kg/m2). The study was carried out in accordance with the Declaration of Helsinki of the World Medical Association (2013). The Medical Ethics Review Committee of the Academic Medical Center (University of Amsterdam, Amsterdam, The Netherlands) approved the study protocol. Before inclusion all participants provided written informed consent.


Table 1. Baseline characteristics of the CKD patients.
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Normobaric Challenge

After an initial baseline measurement of 15 min room air (RA), a non-rebreathing mask was positioned over nose and mouth. Blood pressure measurement (see below) was continued while room air, partial pressure of oxygen (ppO2) 0.21 ATA, was provided over the mask at 15 L/min for another 15 min. Thereafter the ppO2 in the breathing gas was increased to 50% O2 (ppO2 0.5 ATA) and 100% O2 (ppO2 1.0 ATA) respectively again for 15 min at each dose (Figure 1). The oxygen dose was regulated using an air-oxygen blender (Precision Medical Inc., Northampton, USA). Patients were blinded to the dosage and were not aware when the oxygen dose was altered. Measurements were performed in a quiet room with the temperature controlled at 22°C. During all measurements, participants remained quietly in the supine position. Patients receiving angiotensin-converting-enzyme (ACE) inhibitors and/or angiotensin II receptor blockers (ARBs) had postponed the intake of these medications until after the study visit.
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FIGURE 1. Normobaric oxygen supplementation protocol. Room air (RA) and oxygen at different concentrations (21, 50, or 100%) were provided for 15 min each. Measurements were performed at atmospheric pressure, i.e., 1 atmosphere absolute (ATA). At atmospheric pressure a partial oxygen pressure (ppO2) of 1.0 ATA is reached, when 100% oxygen is provided.



Hyperbaric Challenge

In another session, subjects were exposed to hyperbaric oxygen in a hyperbaric chamber. Again, during all measurements patients assumed a supine position. Continuous blood pressure was recorded while breathing room air (RA) at atmospheric pressure (ppO2 0.21 ATA), under hyperbaric conditions at 2.4 ATA (ppO2 0.5 ATA) and at 2.4 ATA during 100% oxygen supplementation (ppO2 2.4 ATA, Figure 2).
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FIGURE 2. Hyperbaric oxygen supplementation protocol. Normobaric and hyperbaric room air (RA) and hyperbaric oxygen (100%) were provided for 15 min each. Measurements were performed at atmospheric pressure (1 ATA) and under hyperbaric conditions (2.4 ATA). At atmospheric pressure a partial oxygen pressure (ppO2) of 1.0 ATA was reached, when 100% oxygen was provided. During hyperbaric oxygen supplementation this further increased 2.4-fold, to 2.4 ATA.



Continuous Blood Pressure Measurements and Analysis

During all sessions, continuous blood pressure was measured using finger arterial photo-plethysmography (Portapres™, Finapres Medical Systems, Amsterdam, The Netherlands). The device has been validated for use in CKD patients (Imholz et al., 1998). The appropriate size finger cuff was positioned around the mid-phalanx of the left middle finger for all recordings and passively positioned at heart level. The system had been adapted for use under hyperbaric conditions as previously reported in detail (van der Bel et al., 2016).

The finger arterial pressure signal was recorded at 100 Hz and analyzed off-line using the Modelflow algorithm (Beatscope® version 1.1a, Finapres Medical Systems, Amsterdam, The Netherlands). This algorithm provides a validated beat-to-beat estimate of left ventricular stroke volume (SV), based on a nonlinear 3-element model of the input impedance of the aorta (Jellema et al., 1999). Mean arterial pressure (MAP) was the integral over one heart beat and the heart rate (HR) was the inverse of the pulse interval. Cardiac output (CO) was SV times HR. SVR was MAP divided by CO, in dyn·s/cm5. Pulse pressure (PP) was systolic BP (SBP) minus diastolic BP (DBP). All hemodynamic parameters were derived from the last minute of the measurements at baseline and at each oxygen dose. Time domain cross-correlation baroreflex sensitivity (xBRS) was calculated from the same intervals as the other parameters, using dedicated software (WinXBRS 2, BMEye, Amsterdam, The Netherlands; Westerhof et al., 2004). The xBRS was computed using beat-to-beat SBP and R–R interval, in a sliding 10 s window. Each instance that a correlation with a significance level of p ≤ 0.01 was found the xBRS value was recorded.

Statistical Analysis

Normal distribution of the data was verified using Levine's test and data are presented as mean ± standard deviation, unless otherwise indicated. The within group responses to increasing ppO2 were assessed using general linear modeling. P < 0.05 were considered significant.

RESULTS

Normobaric Oxygen Challenge (CKD Patients)

SBP and DBP both increased with increasing oxygen supplementation from 128 ± 24/72 ± 19 at baseline to 141 ± 23/80 ± 21 mmHg systolic/diastolic at a ppO2 of 1.0 ATA, F(3, 18) = 12.6, p < 0.001 for SBP and F(3, 18) = 8.8, p < 0.001 for DBP (Figures 3A,B). The pulse pressure increased as well, from 55 ± 13 to 61 ± 11 mmHg [F(3, 18) = 5.8, p = 0.002, Figure 3D]. HR [60 ± 8 bpm at baseline; 58 ± 6 bpm at 1.0 ATA ppO2, F(3, 18) = 25.1, p < 0.001] and CO [5.0 ± 1.3 L/min at baseline; 4.6 ± 1.1 L/min at 1.0 ATA ppO2, F(3, 18) = 3.6, p = 0.02] decreased during oxygen supplementation (Figures 3E,G). SVR increased from 1440 ± 546 to 1745 ± 710 dyn·s/cm5, [F(3, 18) = 4.3, p = 0.009, Figure 3F]. xBRS remained unchanged with 13 ± 13 ms/mmHg at baseline and 15 ± 12 ms/mmHg at 1.0 ATA ppO2 [F(3, 7) = 0.647; p = 0.59, Figure 3H].
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FIGURE 3. Hemodynamic response to normobaric oxygen supplementation, for the patient (solid bars) and the young healthy controls (open bars). All graphs depict absolute mean ± SD at each condition: room air (RA), 21% oxygen over a non-rebreathing mask (ppO2 0.21 ATA), 50% oxygen (ppO2 0.5 ATA), and 100% oxygen (ppO2 1.0 ATA). Averages over the last minute of each condition for: (A) systolic blood pressure; (B) diastolic blood pressure; (C) mean arterial pressure (MAP); (D) pulse pressure (PP); (E) heart rate (HR); (F) systemic vascular resistance (SVR); (G) cardiac output (CO); (H) baroreflex sensitivity (xBRS). Designation of significant responses to oxygen supplementation in patients * and in controls†.



Hyperbaric Oxygen Challenge (CKD Patients)

Due to the results of oxygen supplementation under normobaric conditions, the hyperbaric experiments were suspended for ethical reasons after studying four patients (and not carried out in the control subjects). When changing from a normobaric (1 ATA) to a hyperbaric condition (2.4 ATA, Figure 4), SBP and DBP where 121 ± 17/70 ± 16 at baseline and 146 ± 18/84 ± 11 mmHg systolic/diastolic at a ppO2 of 2.4 ATA (Figures 4A,B). Pulse pressure was 51 ± 9 at baseline and 62 ± 13 mmHg at 2.4 ATA ppO2 (Figure 4D). HR was 64 ± 9 bpm at baseline and 60 ± 8 bpm at 2.4 ATA ppO2 and CO was 4.2 ± 1.3 L/min at baseline and 3.6 ± 0.4 L/min at 2.4 ATA ppO2 (Figures 4E,G). No further increase in SVR was observed during hyperbaric oxygen supplementation (Figure 4F). Changes in SBP did not correlate with eGFR (R = 0.013).
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FIGURE 4. Hemodynamic response to hyperbaric oxygen supplementation. All graphs depict absolute mean ± SD at each condition: room air (RA), hyperbaric RA (ppO2 0.5 ATA), and hyperbaric oxygen (ppO2 2.4 ATA). Averages over the last minute of blood pressure registration at each condition of: (A) systolic blood pressure; (B) diastolic blood pressure; (C) mean arterial pressure (MAP); (D) pulse pressure (PP); (E) heart rate (HR); (F) systemic vascular resistance (SVR); (G) cardiac output (CO); (H) baroreflex sensitivity (xBRS).



Control Subjects

During the normobaric oxygen challenge in the control group, SVR increased significantly from 903 at baseline to 985 dyn·s/cm5 at a ppO2 of 1.0 ATA, F(3, 7) = 11.6; p < 0.001 (Figure 3F). SBP [F(3, 7) = 2.60; p = 0.08], DBP [F(3, 7) = 1.33; p = 0.29], MAP [F(3, 7) = 1.28; p = 0.31] and PP [F(3, 7) = 2.07; p = 0.13], did not change (Figures 3A–D), HR [F(3, 7) = 13.0; p < 0.001] and CO [F(3, 7) = 6.73; p = 0.002] decreased with oxygen supplementation (Figures 3E,G). xBRS remained unchanged [F(3, 7) = 0.884; p = 0.47, Figure 3H].

DISCUSSION

The findings of this study can be summarized as follows: (1) Oxygen supplementation causes a dose-dependent blood pressure increase among CKD patients. (2) This blood pressure increase is caused by an SVR increase. (3) The simultaneous HR decrease with unchanged baroreflex sensitivity indicates that the SVR increase is caused by a direct vascular effect of the increased plasma ppO2 rather than a response of the baroreflex.

Our results seem to contradict previous findings in CKD patients (Hering et al., 2007). Hering et al. found that in a similar experiment, exposing CKD patients to 100% oxygen resulted in a 30% reduction in muscle sympathetic nerve activity (Hering et al., 2007), whereas we find an increased systemic vasoconstriction. Upon closer inspection, their SNA decrease was accompanied by a slight increase in diastolic blood pressure—similar to what we found—which was not elaborated upon further. Instead, the analysis focussed on a decreased pulse pressure. However, this rise in diastolic blood pressure may be the key to explaining the decreased SNA during oxygen supplementation in CKD patients. Therefore, we need to consider the haemodynamic effects of hyperoxia in health with regard to baroreflex function.

In healthy humans, oxygen supplementation induces hyperoxic vasoconstriction as observed in our controls and previously reported data (Waring et al., 2003; Gill and Bell, 2004). This response is due to (1) the direct vasoconstrictive effect of plasma pO2 itself and (2) its ability to simultaneously hinder vasodilatation by reducing nitric oxide (NO) bioavailability (Waring et al., 2003; Gill and Bell, 2004). In contrast to sympathetically mediated vasoconstriction, hyperoxic vasoconstriction acts independent of baroreflex function (Whalen et al., 1965; Villanucci et al., 1990). CKD patients have an intact arterial baroreflex system (Eckberg and Sleight, 1992), therefore modulation of the baroreflex leads to changes in HR and sympathetic activation to occur simultaneously and in the same direction, i.e., HR increase and sympathetic vasoconstriction versus HR decrease and sympathetic decrease (leading to vasodilation). However, in our experiment vasoconstriction is observed with a simultaneous decrease in HR during oxygen supplementation. This is indicative of a deactivating signal by the baroreflex, resulting in a reduction in HR. Based on the coupling of sympathetic activity and HR, this explains the decrease in sympathetic activity while diastolic blood pressure increases due to direct oxygen driven and non-baroreflex mediated vasoconstriction (Hering et al., 2007).

To explain the blood pressure increase that we observed in CKD patients, we consider the ability of hyperoxia to decrease vasodilatory capacity by reducing NO bioavailability. Reduced NO bioavailability in CKD patients (similar to diabetic and hypertension patients; Al-Waili et al., 2006) may impede the attenuation of the hemodynamic effects of hyperoxic vasoconstriction (Endemann and Schiffrin, 2004; Martens and Edwards, 2011). Therefore, our data are most consistent with inadequate attenuation of hyperoxic vasoconstriction in patients with CKD-related endothelial dysfunction.

Thus, it appears that the hemodynamic response to hyperoxia is not uniquely affected in CKD patients. Instead, it seems that hyperoxic vasoconstriction induces an increase in blood pressure, leading to baroreflex deactivation with a reduction in systemic sympathetic tone. Our data (and in hindsight those from Hering et al.) do not support nor exclude the existence of a CKD-kidney specific hypoxic triggering of (either renal or extra-renal) chemo receptors. The overwhelming effects of oxygen on systemic vasoconstriction render the experimental set-up unsuitable to detect any possible subtle effects of kidney specific oxygenation on sympathetic outflow.

A possible clinical implication of these results is that oxygen supplementation might act as a cardiovascular stressor in CKD patients. Interestingly, this is in line with observations that oxygen supplementation in selected clinical patients is associated with worse outcome (Kones, 2011; Stub et al., 2015). Additionally, our study provides some more explanation on the lack of efficacy of catheter based renal denervation. The presumed decrease in SNA and blood pressure by oxygen supplementation in CKD patients was one of the founding principles of the pathophysiological rationale for renal sympathetic denervation (Schlaich et al., 2011; Davis et al., 2013). Eventually, renal sympathetic denervation showed not to have any effect on blood pressure, and specifically not in CKD patients (Bhatt et al., 2014). Our data question part of the founding rationale for renal sympathetic denervation.

Our study has several methodological limitations that merit discussion. First, patients continued the use of anti-hypertensive medication during the study. For ethical reasons these medications could not be fully withdrawn and was a compromise between taking out possible interfering factors versus patient risk. Our considerations were as follows: because of the specific effects on renal hemodynamics and oxygenation, ACE inhibitors and ARB's were stopped, as other antihypertensive drugs have a less (if any) pronounced effect on RAAS activity or intrarenal oxygen delivery. However, this may only have blunted the hemodynamic effects and thereby would not have affected our eventual conclusions, especially since patients acted as their own control. The same holds for the heterogeneous distributed baseline parameters (e.g., eGFR, smoking status, hemoglobin level) in our relatively small patient group. Secondly, we did not assess changes in CO2 partial pressure during oxygen supplementation. However, this has previously been shown not to be influenced by oxygen supplementation (Whalen et al., 1965). Also, the group of young healthy controls was not selected to be age matched, because it intended to verify the accuracy of our method. Others have reported upon the effects of hyperoxia in healthy elderly subjects previously (Whalen et al., 1965; Al-Waili et al., 2006). Lastly, the observers were not blinded but this was corrected by standardizing the time frame selection for analysis.

CONCLUSIONS

We have shown that oxygen supplementation in CKD patients increases blood pressure in a dose dependent fashion. This response is mediated by an increase in SVR, likely as the result of hyperoxic vasoconstriction independent of baroreflex function.

AUTHOR CONTRIBUTIONS

Study conception and design by RB, RH, ES, CK; Data acquisition, analysis and/or interpretation by RB, MÇ, RH, JL, CK; Drafting of the manuscript by RB, CK; Revising by MÇ, RH, JL, ES, CK; Final approval of manuscript provided by RB, MÇ, RH, JL, ES, CK.

FUNDING

This project was funded by the Dutch Kidney Foundation (Project KJPB 12.029 to CP). CP is supported by the Netherlands Organization for Health Research and Development (ZonMw, Clinical Fellowship 40007039712461).

REFERENCES

 Al-Waili, N. S., Butler, G. J., Beale, J., Abdullah, M. S., Finkelstein, M., Merrow, M., et al. (2006). Influences of hyperbaric oxygen on blood pressure, heart rate and blood glucose levels in patients with diabetes mellitus and hypertension. Arch. Med. Res. 37, 991–997. doi: 10.1016/j.arcmed.2006.05.009

 Bhatt, D. L., Kandzari, D. E., O'Neill, W. W., D'Agostino, R., Flack, J. M., Katzen, B. T., et al. (2014). A controlled trial of renal denervation for resistant hypertension. N. Engl. J. Med. 370, 1393–1401. doi: 10.1056/NEJMoa1402670

 Converse, R. L. Jr., Jacobsen, T. N., Toto, R. D., Jost, C. M., Cosentino, F., Fouad-Tarazi, F., et al. (1992). Sympathetic overactivity in patients with chronic renal failure. N. Engl. J. Med. 327, 1912–1918. doi: 10.1056/NEJM199212313272704

 Davis, M. I., Filion, K. B., Zhang, D., Eisenberg, M. J., Afilalo, J., Schiffrin, E. L., et al. (2013). Effectiveness of renal denervation therapy for resistant hypertension: a systematic review and meta-analysis. J. Am. Coll. Cardiol. 62, 231–241. doi: 10.1016/j.jacc.2013.04.010

 Eckardt, K. U., Bernhardt, W. M., Weidemann, A., Warnecke, C., Rosenberger, C., Wiesener, M. S., et al. (2005). Role of hypoxia in the pathogenesis of renal disease. Kidney Int. Suppl. 68, S46–S51. doi: 10.1111/j.1523-1755.2005.09909.x

 Eckberg, D. L., and Sleight, P. (1992). Human Baroreflexes in Health and Disease. Oxford: Oxford University Press.

 Endemann, D. H., and Schiffrin, E. L. (2004). Endothelial dysfunction. J. Am. Soc. Nephrol. 15, 1983–1992. doi: 10.1097/01.ASN.0000132474.50966.DA

 Evans, R. G., Ince, C., Joles, J. A., Smith, D. W., May, C. N., O'Connor, P. M., et al. (2013). Haemodynamic influences on kidney oxygenation: clinical implications of integrative physiology. Clin. Exp. Pharmacol. Physiol. 40, 106–122. doi: 10.1111/1440-1681.12031

 Ganz, W., Donoso, R., Marcus, H., and Swan, H. J. (1972). Coronary hemodynamics and myocardial oxygen metabolism during oxygen breathing in patients with and without coronary artery disease. Circulation 45, 763–768. doi: 10.1161/01.CIR.45.4.763

 Gawish, A. E., Donia, F., Fathi, T., Al-Mousawi, M., and Samhan, M. (2010). It takes time after bilateral nephrectomy for better control of resistant hypertension in renal transplant patients. Transplant. Proc. 42, 1682–1684. doi: 10.1016/j.transproceed.2010.04.014

 Getts, R. T., Hazlett, S. M., Sharma, S. B., McGill, R. L., Biederman, R. W., Marcus, R. J., et al. (2006). Regression of left ventricular hypertrophy after bilateral nephrectomy. Nephrol. Dial. Transplant 21, 1089–1091. doi: 10.1093/ndt/gfi321

 Gill, A. L., and Bell, C. N. (2004). Hyperbaric oxygen: its uses, mechanisms of action and outcomes. QJM 97, 385–395. doi: 10.1093/qjmed/hch074

 Hausberg, M. (2002). Sympathetic nerve activity in end-stage renal disease. Circulation 106, 1974–1979. doi: 10.1161/01.CIR.0000034043.16664.96

 Hausberg, M., and Grassi, G. (2007). Mechanisms of sympathetic overactivity in patients with chronic renal failure: a role for chemoreflex activation? J. Hypertens. 25, 47–49. doi: 10.1097/HJH.0b013e3280119286

 Hering, D., Zdrojewski, Z., Krol, E., Kara, T., Kucharska, W., Somers, V. K., et al. (2007). Tonic chemoreflex activation contributes to the elevated muscle sympathetic nerve activity in patients with chronic renal failure. J. Hypertens. 25, 157–161. doi: 10.1097/HJH.0b013e3280102d92

 Herzog, C. A., Mangrum, J. M., and Passman, R. (2008). Sudden cardiac death and dialysis patients. Semin. Dial. 21, 300–307. doi: 10.1111/j.1525-139X.2008.00455.x

 Imholz, B. P., Wieling, W., Van Montfrans, G. A., and Wesseling, K. H. (1998). Fifteen years experience with finger arterial pressure monitoring: assessment of the technology. Cardiovasc. Res. 38, 605–616. doi: 10.1016/S0008-6363(98)00067-4

 Jellema, W. T., Wesseling, K. H., Groeneveld, A. B., Stoutenbeek, C. P., Thijs, L. G., and van Lieshout, J. J. (1999). Continuous cardiac output in septic shock by simulating a model of the aortic input impedance: a comparison with bolus injection thermodilution. Anesthesiology 90, 1317–1328. doi: 10.1097/00000542-199905000-00016

 Kones, R. (2011). Oxygen therapy for acute myocardial infarction-then and now. A century of uncertainty. Am. J. Med. 124, 1000–1005. doi: 10.1016/j.amjmed.2011.04.034

 Koomans, H. A., Blankestijn, P. J., and Joles, J. A. (2004). Sympathetic hyperactivity in chronic renal failure: a wake-up call. J. Am. Soc. Nephrol. 15, 524–537. doi: 10.1097/01.ASN.0000113320.57127.B9

 Martens, C. R., and Edwards, D. G. (2011). Peripheral vascular dysfunction in chronic kidney disease. Cardiol. Res. Pract. 2011:267257. doi: 10.4061/2011/267257

 Medina, A., Bell, P. R., Briggs, J. D., Brown, J. J., Fine, A., Lever, A. F., et al. (1972). Changes of blood pressure, renin, and angiotensin after bilateral nephrectomy in patients with chronic renal failure. Br. Med. J. 4, 694–696. doi: 10.1136/bmj.4.5842.694

 Neumann, J., Ligtenberg, G., Klein, I. I., Koomans, H. A., and Blankestijn, P. J. (2004). Sympathetic hyperactivity in chronic kidney disease: pathogenesis, clinical relevance, and treatment. Kidney Int. 65, 1568–1576. doi: 10.1111/j.1523-1755.2004.00552.x

 Park, J., Campese, V. M., and Middlekauff, H. R. (2008). Exercise pressor reflex in humans with end-stage renal disease. Am. J. Physiol. Regul. Integr. Comp. Physiol. 295, R1188–R1194. doi: 10.1152/ajpregu.90473.2008

 Schlaich, M. P., Krum, H., Sobotka, P. A., and Esler, M. D. (2011). Renal denervation and hypertension. Am. J. Hypertens. 24, 635–642. doi: 10.1038/ajh.2011.35

 Siddiqi, L., Joles, J. A., Grassi, G., and Blankestijn, P. J. (2009). Is kidney ischemia the central mechanism in parallel activation of the renin and sympathetic system? J. Hypertens. 27, 1341–1349. doi: 10.1097/HJH.0b013e32832b521b

 Stub, D., Smith, K., Bernard, S., Nehme, Z., Stephenson, M., Bray, J. E., et al. (2015). Air versus oxygen in ST-segment-elevation myocardial infarction. Circulation 131, 2143–2150. doi: 10.1161/CIRCULATIONAHA.114.014494

 Thomson, A. J., Webb, D. J., Maxwell, S. R., and Grant, I. S. (2002). Oxygen therapy in acute medical care. BMJ 324, 1406–1407. doi: 10.1136/bmj.324.7351.1406

 Thukkani, A. K., and Bhatt, D. L. (2013). Renal denervation therapy for hypertension. Circulation 128, 2251–2254. doi: 10.1161/CIRCULATIONAHA.113.004660

 van der Bel, R., Sliggers, B. C., van Houwelingen, M. J., van Lieshout, J. J., Halliwill, J. R., van Hulst, R. A., et al. (2016). A modified device for continuous non-invasive blood pressure measurements in humans under hyperbaric and/or oxygen-enriched conditions. Diving Hyperb. Med. 46, 38–42.

 Villanucci, S., Di Marzio, G. E., Scholl, M., Pivorine, C., d'Adamo, C., and Settimi, F. (1990). Cardiovascular changes induced by hyperbaric oxygen therapy. Undersea Biomed. Res. 17(Suppl. 1):117.

 Waring, W. S., Thomson, A. J., Adwani, S. H., Rosseel, A. J., Potter, J. F., Webb, D. J., et al. (2003). Cardiovascular effects of acute oxygen administration in healthy adults. J. Cardiovasc. Pharmacol. 42, 245–250. doi: 10.1097/00005344-200308000-00014

 Westerhof, B. E., Gisolf, J., Stok, W. J., Wesseling, K. H., and Karemaker, J. M. (2004). Time-domain cross-correlation baroreflex sensitivity: performance on the EUROBAVAR data set. J. Hypertens. 22, 1371–1380. doi: 10.1097/01.hjh.0000125439.28861.ed

 Whalen, R. E., Saltzman, H. A., Holloway, D. H. Jr., McIntosh, H. D., Sieker, H. O., and Brown, I. W. Jr. (1965). Cardiovascular and blood gas responses to hyperbaric oxygenation. Am. J. Cardiol. 15, 638–646. doi: 10.1016/0002-9149(65)90350-4

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2017 van der Bel, Çalişkan, van Hulst, van Lieshout, Stroes and Krediet. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.







	
	REVIEW
published: 21 February 2017
doi: 10.3389/fphys.2017.00099





[image: image2]

Renal Hypoxia in CKD; Pathophysiology and Detecting Methods


Yosuke Hirakawa, Tetsuhiro Tanaka and Masaomi Nangaku*


Division of Nephrology, The University of Tokyo School of Medicine, Hongo, Japan

Edited by:
Maarten Koeners, University of Bristol, UK

Reviewed by:
Prabhleen Singh, UC San Diego, USA
 Agnieszka Swiatecka-Urban, University of Pittsburgh, USA
 William J. Welch, Georgetown University, USA

* Correspondence: Masaomi Nangaku, mnangaku-tky@umin.ac.jp

Specialty section: This article was submitted to Renal and Epithelial Physiology, a section of the journal Frontiers in Physiology

Received: 30 November 2016
 Accepted: 06 February 2017
 Published: 21 February 2017

Citation: Hirakawa Y, Tanaka T and Nangaku M (2017) Renal Hypoxia in CKD; Pathophysiology and Detecting Methods. Front. Physiol. 8:99. doi: 10.3389/fphys.2017.00099



Chronic kidney disease (CKD) is a major public health problem. Accumulating evidence suggests that CKD aggravates renal hypoxia, and in turn, renal hypoxia accelerates CKD progression. To eliminate this vicious cycle, hypoxia-related therapies, such as hypoxia-inducible factor (HIF) activation (prolyl hydroxylase domain inhibition) or NF-E2-related factor 2 activation, are currently under investigation. Clinical studies have revealed heterogeneity in renal oxygenation; therefore, the detection of patients with more hypoxic kidneys can be used to identify likely responders to hypoxia-oriented therapies. In this review, we provide a detailed description of current hypoxia detection methods. HIF degradation correlates with the intracellular oxygen concentration; thus, methods that can detect intracellular oxygen tension changes are desirable. The use of a microelectrode is a classical technique that is superior in quantitative performance; however, its high invasiveness and the fact that it reflects the extracellular oxygen tension are disadvantages. Pimonidazole protein adduct immunohistochemistry and HIF activation detection reflect intracellular oxygen tension, but these techniques yield qualitative data. Blood oxygen level-dependent magnetic resonance imaging has the advantage of low invasiveness, high quantitative performance, and application in clinical use, but its biggest disadvantage is that it measures only deoxyhemoglobin concentrations. Phosphorescence lifetime measurement is a relatively novel in vivo oxygen sensing technique that has the advantage of being quantitative; however, it has several disadvantages, such as toxicity of the phosphorescent dye and the inability to assess deeper tissues. Understanding the advantages and disadvantages of these hypoxia detection methods will help researchers precisely assess renal hypoxia and develop new therapeutics against renal hypoxia-associated CKD.
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INTRODUCTION

Chronic kidney disease (CKD) remains a major public health problem in both developed and developing countries despite enormous treatment efforts (Collins et al., 2015; Liyanage et al., 2015). Many clinical conditions, such as diabetes mellitus, glomerulonephritis, hypertension, and genetic disorders, are causative factors of CKD. However, once renal fibrosis, a major pathological hallmark of CKD, reaches a certain threshold, CKD progression becomes irreversible and independent of the initial cause (Fine et al., 2000; Nangaku, 2006). Thus, the final common pathways of CKD progression have been extensively studied. Renal hypoxia (i.e., decreased oxygen tension in the kidney), particularly in the tubulointerstitium, is a candidate prognostic marker for CKD progression (Nangaku, 2006; Mimura and Nangaku, 2010). Increased hemoglobin concentrations, which ameliorate renal hypoxia, are associated with a better renal prognosis in CKD patients (Tsubakihara et al., 2012). In support of hypoxia as a marker of poor renal function, sleep apnea syndrome and chronic obstructive pulmonary disease have been identified as risk factors for CKD (Iseki et al., 2008; Hanly and Ahmed, 2014; Chen and Liao, 2016). Although these studies are observational and no intervention studies with domiciliary oxygen therapy or continuous positive air pressure ventilation have been conducted, our results raise the possibility that conditions, such as SAS and COPD result in intermittent or continuous hypoxemia and increase the risk of CKD development via renal hypoxia aggravation.

CELLULAR RESPONSE TO HYPOXIA

Oxygen is imperative for mitochondrial oxidative phosphorylation, a process that produces sufficient ATP amounts in metazoans. Thus, cellular response against insufficient oxygen supply is precisely controlled. Transcriptional factors known as hypoxia-inducible factors (HIFs) play a central role in the anti-hypoxia defense system (Semenza, 2014). HIFs are composed of two subunits: HIF-α, an oxygen-sensitive subunit, and HIF-β, an oxygen-insensitive subunit. The cellular concentration of HIF-α is strictly tuned by the oxygen tension. Prolyl hydroxylase domain (PHD) proteins hydroxylate HIF-α using oxygen molecules as substrates. Next, hydroxylated HIF-α recruits von Hippel–Lindau tumor suppressor, which triggers ubiquitination and proteasomal degradation (Figure 1). In this mechanism, HIF-α hydroxylation is the rate-limiting step. Therefore, the cellular concentration of HIF-α is dependent on oxygen tension. Given that HIF-α hydroxylation occurs in the cytosol, the intracellular oxygen tension is more important than the extracellular oxygen tension, which is usually estimated by measuring the intravascular oxygen tension.


[image: image]

FIGURE 1. HIF-α regulation. In the presence of sufficient oxygen, HIF-α is hydroxylated by PHD. Hydroxylated HIF-α is recognized by vHL, which results in proteasomal degradation. In hypoxic conditions or PHD inhibition, HIF-α accumulates in the cytosol and forms a heterodimer with HIF-β, the hypoxia-insensitive unit. The heterodimer translocates to the nucleus and acts as a transcriptional factor that binds to HREs. Abbreviations: HIF, hypoxia-inducible factor; HREs, hypoxia-responsive elements; PHD, prolyl hydroxylase domain; vHL, von Hippel–Lindau disease tumor suppressor.



Increases in cytoplasmic HIF-α concentrations due to decreased intracellular oxygen tension or PHD pharmacological inhibition lead to the formation of a heterodimer between HIF-α and HIF-1β. The heterodimer translocates into the nucleus and binds to the consensus enhancer via hypoxia-responsive elements (HREs), which then upregulates downstream target genes. The representative downstream genes include vascular endothelial growth factor (VEGF), erythropoietin (EPO), glucose transporter 1, and heme oxygenase 1, which protect the cell from hypoxia by promoting neovascularization, erythropoiesis, and glycolysis and by decreasing oxidative stress, respectively. There are three isoforms of HIF-α: HIF-1α, HIF-2α, and HIF-3α. In the kidney, HIF-1α is dominantly expressed in tubular cells, whereas HIF-2α accumulates in interstitial and endothelial cells (Rosenberger et al., 2002). The expression and function of HIF-3α remains elusive. Full-length HIF-3α works as a transcriptional factor with HIF-1β; however, some of its splice variants work as dominant negative forms against HIF-1α and HIF-2α (Duan, 2016).

RENAL HYPOXIA PATHOPHYSIOLOGY

The oxygen tension in the kidney is relatively lower in healthy individuals, even though the kidneys receive approximately 20% of the blood pumped out from the heart. One explanation is the oxygen shunt between the arterial and venous vessels that run parallel in the kidney, as proven by oxygen electrodes (Schurek et al., 1990). Recently, it has been actively debated whether an arteriovenous oxygen shunt affects renal oxygenation based on results from a three-dimensional computational model. To obtain a clear answer, the quantification of the geometry of artery–vein pairs in the kidney may be needed as results from the three-dimensional computational model vary with the assumption of background vascular networks (Ngo et al., 2014; Evans et al., 2015; Olgac and Kurtcuoglu, 2015). An oxygen shunt supposedly affects renal oxygenation and is likely accountable for the higher oxygen tension in renal veins than in efferent arterioles (Welch et al., 2001) and for the oxygen gradient in the kidney, i.e., the oxygen tension decreases deeper in the renal surface. The oxygen tension in the renal surface is approximately 50 mmHg, whereas the tension in the renal medulla is approximately 30 mmHg, as detected by microelectrodes (Friederich-Persson et al., 2013; Ow et al., 2014; Nordquist et al., 2015). A lower oxygen tension in normal kidneys has also been shown in a study that visualized HIF activity in transgenic mice (Safran et al., 2006). In these mice, the luciferase enzyme was fused to the oxygen-dependent degradation domain of HIF-1α. Thus, luciferase activity simulated HIF-α expression. Under normoxic conditions, the kidneys were the only organ that expressed sufficient luminescence that could be observed in the in vivo system.

In addition to its innate low oxygen tension, the kidneys suffer from severe hypoxia as CKD progresses. Renal hypoxia pathophysiology in CKD includes a decrease in oxygen supply and an increase in oxygen consumption. Loss of peritubular capillaries (PTCs) (Kang et al., 2001b; Ohashi et al., 2002), reduction in PTC flow (Matsumoto et al., 2004), and renal anemia (Astor et al., 2002) account for insufficient oxygen supply. Increases in oxygen demand in renal tubules have been shown in a reduced renal mass model (Harris et al., 1988; Nath and Paller, 1990), hypertensive model (Adler and Huang, 2002), and diabetes mellitus model (Korner et al., 1994), and this increase in the reduced renal mass model is corrected by renin–angiotensin–aldosterone axis blockade or HIF activation (Deng et al., 2009, 2010). These hypoxic changes likely exacerbate renal tubular damage. Outer medullary areas, including the S3 segment of the proximal tubules, medullary thick ascending limbs, and medullary collecting ducts, are considered to be most susceptible to hypoxia because histological changes are obvious in these segments of human kidneys with ischemia (Heyman et al., 2010). Differences in several features, including mitochondrial density and transport activity, account for the susceptibility to hypoxic insults. The medullary thick ascending limbs and medullary collecting ducts become more susceptible to hypoxic insults with forced tubular transport (Shanley et al., 1986; Brezis and Rosen, 1995; Epstein, 1997).

HYPOXIA-ORIENTED THERAPY AGAINST CKD

Renal hypoxia accelerates CKD progression, and in turn, CKD exacerbates renal hypoxia. Therefore, eliminating this cycle is a promising strategy against CKD. One approach is HIF activation via PHD inhibition. Cobalt chloride is a classical PHD inhibitor, and it ameliorates CKD progression in a model of STZ-induced type 1 diabetes and Thy-1 nephritis and a remnant kidney model (Tanaka et al., 2005a,b; Nordquist et al., 2015). However, this treatment cannot be used in CKD patients because of severe adverse effects. PHD inhibitors that specifically inhibit HIF-α hydroxylation have recently been synthesized. These compounds are currently in clinical trials for renal anemia because the EPO gene is markedly upregulated by HIF-α stabilization (Fraisl et al., 2009; Maxwell and Eckardt, 2016), and several drugs show positive outcomes in clinical trials in non-dialysis CKD patients and dialysis patients (Besarab et al., 2016; Brigandi et al., 2016; Holdstock et al., 2016; Pergola et al., 2016; Provenzano et al., 2016). These drugs are expected to have protective effects against CKD.

OXIDATIVE STRESS-ORIENTED THERAPY AGAINST CKD

Another treatment approach is the enhancement of the anti-oxidant response because hypoxia is closely related to increased oxidative stress. One relevant transcriptional factor for this approach is NF-E2 related factor 2 (Nrf2). Nrf2 is degraded via recognition by Kelch-like ECH-associated protein 1 (Keap1) in the cytosol under normal conditions. When certain chemical stresses, such as oxidative stress, are induced, Nrf2 escapes degradation, translocates into the nucleus, binds to anti-oxidant responsive elements (AREs), and upregulates downstream genes (Bryan et al., 2013; Figure 2). Nrf2–ARE axis activation induces strong anti-oxidative effects; therefore, the pharmacological activation of the Nrf2–ARE pathway is a promising target for various diseases, including kidney diseases. Bardoxolone methyl, an Nrf2 activator via Keap1 inhibition, increases eGFR in CKD patients with diabetes mellitus; however, the change in eGFR is not considered primary or secondary outcomes, and hypertension and an increased urinary albumin-to-creatinine ratio was seen in the bardoxolone group (Pergola et al., 2011; de Zeeuw et al., 2013). However, a high frequency of cardiovascular events in the bardoxolone methyl group led to the termination of the phase III trial (de Zeeuw et al., 2013). A subsequent analysis revealed that most of these patients suffered from excessive fluid retention at the early stage. Considering that these clinical signs can be predicted under close follow-up of the patients and that diabetic kidney disease is major cause of end-stage renal disease, the potential benefit of this drug was reconsidered and a new phase II trial that excludes patients with a high risk of cardiovascular disease is ongoing in Japan.
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FIGURE 2. Nrf2 regulation. Under normal conditions, Nrf2 is recognized by KEAP1, which triggers its proteasomal degradation. In contrast, under stressful conditions, such as increased oxidative stress, Nrf2 recognition by KEAP1 is disturbed, and Nrf2 accumulates in the cytosol and acts as a transcriptional factor via ARE binding. Abbreviations: ARE, anti-oxidant responsive element; KEAP1, Kelch-like ECH-associated protein 1; Nrf2, NF-E2 related factor 2.



These hypoxia-targeting pharmaceutical therapies are promising. Theoretically, these therapies are effective only on patients whose kidneys are truly hypoxic. The renal oxygen state widely varies in CKD patients (Michaely et al., 2012). Thus, it is important to identify patients whose kidneys are sufficiently hypoxic, i.e., more responsive to hypoxia-oriented therapies. However, the currently available hypoxia detection methods have serious disadvantages. Thus, there is a compelling need for a better understanding of hypoxia detection methods.

GENERAL PRINCIPLES OF OXYGEN TENSION ASSESSMENT

The most important function of oxygen molecules is their action as an oxidant. In addition, oxygen can bind to hemoglobin to increase its solubility in blood. A lower oxygen tension results in HIF–HRE axis activation. Thus, we consider that methods to measure the oxygen tension can be divided into four groups: (i) assessment of the oxidative power of oxygen molecules (Clark, 1956; Arteel et al., 1995), (ii) measurement of the oxyhemoglobin/total hemoglobin ratio (Prasad et al., 1996), (iii) detection of HIF activity (Safran et al., 2006), and (iv) direct measurement of oxygen molecules by the assessment of fluorescence or phosphorescence quenching rate (Rumsey et al., 1988; Mik et al., 2006). Although these four methods unequivocally depend on the oxygen tension, there are some confounding factors in their interpretation. For example, when the oxidative power of oxygen molecules is measured, other oxidants or reductants can influence the result. Notably, oxidative stress levels increase in CKD patients (Himmelfarb et al., 2002). Although the oxyhemoglobin/total hemoglobin ratio is clinically used to determine a patient's general oxygenation state, this value can be affected by the partial pressures of oxygen and carbon dioxide, changes in pH, and other micro-environmental changes (Bohr effect). Blood oxygen level-dependent magnetic resonance imaging (BOLD-MRI) employs hemoglobin as an oxygen sensor; however, this method only measures the deoxyhemoglobin concentration and not the deoxyhemoglobin/total hemoglobin ratio. Thus, this method is influenced by the hemoglobin concentration, which cannot be precisely measured in small veins (Prasad et al., 1996). Renal anemia and acid–base disorders frequently occur in CKD patients, which may explain why the use of renal BOLD-MRI in CKD patients remains controversial (Inoue et al., 2011; Michaely et al., 2012; Pruijm et al., 2014). HIF activation may be influenced by factors other than oxygen molecules, such as erythropoietin and indoxyl sulfate (Chiang et al., 2011). Indoxyl sulfate, a representative uremic toxin, suppresses EPO gene transcription in hypoxic HepG2 cells in an HIF-dependent manner, and the oral administration of indole, a precursor of indoxyl sulfate, decreases the serum erythropoietin concentration in rats.

Another important consideration is whether the method employed reflects the intracellular or extracellular oxygen tension. As previously noted, the HIF-mediated cellular response against hypoxia is regulated by the hydroxylation of HIF-α, which uses oxygen as a substrate. Thus, the intracellular oxygen tension is important. For example, anemia can cause dissociation between the intracellular and extracellular oxygen tensions because anemia does not change the partial pressure of oxygen, but rather changes the total oxygen amount in arterial blood (i.e., decrease in hemoglobin concentration). This condition should not be overlooked because renal anemia development is associated with renal hypoxia in CKD patients.

Another important aspect to consider is the generation of quantitative or qualitative data. Microelectrodes, BOLD-MRI, pimonidazole protein adduct immunohistochemistry, and HIF activation detection are frequently used as hypoxia detection methods (Heyman et al., 2008). Phosphorescence lifetime measurement is a relatively novel intravital oxygen sensing technique; thus, we have included this technique in our review (Parpaleix et al., 2013; Spencer et al., 2014; Hirakawa et al., 2015). The characteristics of these methods are summarized in Table 1. For clinical applications, BOLD-MRI is the only appropriate method. For animal experiments, microelectrodes are a gold standard for oxygen tension measurement, although the specific measurement site is unclear. Pimonidazole staining and HIF activation detection can be used for paraffin sections and has the advantage of spatial resolution. Phosphorescence lifetime measurement is a highly sensitive method, but it requires special instrumentation.


Table 1. Comparison of hypoxia detection methods.
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Comparison of results obtained via different methods is attractive, and there is a report that compared pO2 measured by a microelectrode with that measured by a fluorescence needle probe in the kidney and which mentions that there is a slight difference in outcomes between these two methods (O'Connor et al., 2006). However, this comparison cannot determine which of the two methods is reliable; the calibration method of each method differs, and the measurement site is not always the same. Therefore, the comparison of pO2 obtained via different techniques needs to be interpreted with that consideration in mind.

HYPOXIA DETECTION METHODS

Microelectrodes

The use of microelectrodes is a classical technique and the gold standard for determining the oxygen tension in living cells and animals. The principle of this technique is based on oxidation–reduction reactions. The reaction for a silver electrode is shown below:
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This reaction contains an oxygen molecule as a reactant in Equation 2; thus, the electric current is dependent on the oxygen concentration, assuming that the voltage is constant. This method is widely used to determine renal oxygenation as well as other visceral organ oxygenation, such as the liver. The kidney has a natural oxygen gradient; therefore, data obtained from a microelectrode is dependent on depth. Typically, representative oxygen tensions in the renal cortex and medulla are 50 and 30 mmHg, respectively. This ability to distinguish between the renal cortex and the medulla is an advantage of the microelectrode; however, technical proficiency is required to accurately measure medullary oxygen tension. This technique has two major disadvantages, in addition to its non-applicability in humans. First, this method is highly invasive. The technique requires renal capsule removal and needle insertion into the renal tissue, which results in microbleeding. This method intrinsically hinders repeat measurements within an individual. The second disadvantage is that microelectrodes measure the partial pressure of oxygen from both microcirculation and microbleeding based on the fact that a microelectrode is slightly pulled after insertion to prevent compression. Despite these disadvantages, the use of microelectrodes remains the gold standard for determining tissue oxygen tension because of its superior quantitative performance.

To overcome the disadvantages of this established method, novel modifications have been developed. The first involves the use of telemetry (Koeners et al., 2013; Emans et al., 2016). For oxygen tension telemetry, carbon paste electrodes are used to avoid surface poisoning (Bolger et al., 2011). Once the electrodes are implanted, renal oxygenation can be monitored for 2 weeks without anesthesia. This technique resolves the two major disadvantages inherent to the conventional microelectrode method, including the continuous measurement within an individual and the avoidance of acute effects from general anesthesia. Another approach is urinary oxygen tension measurement (Evans et al., 2014). Urinary oxygen tension reflects renal medullary oxygen tension and is useful for monitoring renal oxygenation in critically ill patients (Kainuma et al., 1996; Morelli et al., 2003). This technique does not require intervention other than the insertion of electrode-equipped bladder catheters; thus, it has the advantage of being easily applied in clinical settings. One disadvantage is the general lack of proof of this in smaller animals. However, a recent study in rabbits reported the ability of urinary oxygen tension measurements to reflect renal medullary oxygen tension (Sgouralis et al., 2016).

Nitroimidazole Probes

Pimonidazole is a nitroimidazole. Nitroimidazoles are hypoxic markers that were initially used to detect hypoxic tumors, which are frequently resistant to radiotherapy. Pimonidazole was used to detect tissue hypoxia in a physiological range (Arteel et al., 1995). Under normoxic conditions, pimonidazole is oxidized by oxygen molecule, whereas pimonidazole is reductively activated under hypoxic conditions. Reduced pimonidazole binds to intracellular thiol-containing proteins. Pimonidazole protein adducts are only detected in hypoxic cells after systemic administration. The detection of pimonidazole protein adducts is typically achieved by immunohistochemistry. Thus, this technique requires the systemic administration of pimonidazole and the preparation of paraffin-embedded sections or frozen sections, which prohibits its use in living animals. Another disadvantage is that this technique reflects the redox state; thus, a redox imbalance independent of the oxygen tension can influence the result. In the kidneys, pimonidazole-positive areas are naturally observed in the medulla and corticomedullar junction (Manotham et al., 2004; Fong et al., 2016), which supports the idea that these areas are more hypoxic than the superficial cortex. In CKD models, the pimonidazole-positive area expands (Manotham et al., 2004; Tanaka et al., 2006). This technique can only detect areas with oxygen tensions lower than a certain threshold (approximately below 10 mmHg); thus, it is neither quantitative nor indicative of the oxygen tension.

To overcome the disadvantage of paraffin-embedded sections, several positron emission tomography (PET) tracers with nitroimidazoles have been studied. For example, 18F-fluoroazomycin arabinoside (18F-FAZA) (Piert et al., 2005) was found to accumulate in hypoxic tumors. This probe can be administered in clinical settings, and several papers have proved that it is useful for prognostic prediction in non-small-cell lung cancer (Saga et al., 2015; Kinoshita et al., 2016). It remains unclear if this method can successfully detect renal hypoxia in healthy individuals or CKD patients. The difficulty in detecting renal hypoxia is based on the fact that the oxygen tension of non-tumorous organs, including the kidney, is likely to be much milder than that of tumor tissues, even in pathological conditions (Handley et al., 2011). Pimonidazole binds to intracellular thiols at oxygen tensions below 10 mmHg, which is frequently lower than the tensions found in non-tumorous tissues. Another disadvantage is that 18F-FAZA is physiologically distributed to even normal kidneys and is excreted from the kidney like other PET tracers (Koh et al., 1992). In PET imaging, there is limited resolution with which to distinguish PET probes in the urinary space and intracellular PET probes. However, PET tracing using nitroimidazoles is potentially preferred because this technique is less invasive and suitable for use in CKD patients. Furthermore, this probe reflects the intracellular rather than the extracellular oxygen tension. The optimization of the oxygen tension threshold and biokinetics of PET tracers may overcome the disadvantages listed above and result in new information on renal hypoxia in CKD patients.

HIF Activation Detection

The cellular response against hypoxia is mainly regulated by HIF; therefore, HIF activation can be used as evidence on tissue hypoxia. One detection method assesses HRE-downstream genes or proteins in tissues. The advantage of this method is that several HIF target proteins are hypoxia markers and affect CKD progression. An example of one of these targets is VEGF. The transcription of the VEGF gene is strongly enhanced under hypoxic conditions. Exogenous VEGF administration ameliorates renal fibrosis in a remnant kidney model, whereas sunitinib administration, a VEGF receptor inhibitor, worsens renal injury in this model (Kang et al., 2001a; Machado et al., 2012), although sunitinib also blocks the platelet-derived growth factor receptor. The expression of HIF target genes can be affected by other transcriptional factors and thus is not always affected by the oxygen tension alone. The protein level of VEGF can remain unchanged in some CKD models despite renal hypoxia (Futatsugi et al., 2016).

Classical techniques, such as reverse transcription PCR and immunohistochemistry, require tissue sample preparation. Another method is the in vivo imaging of HIF activity using luciferase. Our group established hypoxia-sensing transgenic rats, in which the luciferase gene was controlled by tandem repeats of HREs located in the 5′ UTR of the VEGF gene (Tanaka et al., 2004). A similar approach was employed by Safran et al. who established a hypoxia-sensing mouse strain that expressed firefly luciferase fused to the HIF-1α protein (Safran et al., 2006). These animals emit luminescence after the administration of a systemic chemiluminescent substrate, and the luminescence can be measured from outside the body. This strain was used to detect a decrease in HIF-α hydroxylation induced by hypoxemia and pharmacological PHD inhibition. The advantage of this technique is the lack of autoluminescence in the body, whereas a disadvantage is the reabsorption of luminescence. The kidney contains a significant amount of blood; thus, it can absorb light at an optical wavelength. It is unclear if luminescence from the kidney truly reflects total renal luciferase activity or only superficial activity. Kuchimaru et al. may have overcome this disadvantage (Kuchimaru et al., 2016). They succeeded in synthesizing a novel luminescent substrate whose wavelength was considerably longer (λmax = 677 nm) than classical luciferins. Owing to its near-infrared wavelength, this substrate can be used to observe deeper tissue and will definitely aid in the intravital imaging of HIF activity.

MRI-Based Assessment

BOLD-MRI is a useful tool to evaluate renal oxygenation. Here, the spin–spin relaxation rate R2* is measured, which reflects the deoxyhemoglobin concentration in veins (Prasad et al., 1996). To use this technique for tissue oxygenation approximation, we must speculate three proportional relationships: the deoxyhemoglobin concentration and deoxyhemoglobin/total hemoglobin ratio, deoxyhemoglobin/total hemoglobin ratio and partial pressure of oxygen in veins, and partial pressure of oxygen in veins and tissue oxygen level. These three proportional relationships are confounded by the hemoglobin concentration in veins, change in the oxygen affinity of hemoglobin, and intracellular/extracellular oxygen tension dissociation, respectively. Renal anemia and systemic acid–base disorders frequently occur in CKD patients, which may change the oxygen affinity of hemoglobin. The existence of an oxygen shunt in renal arterial and venous vessels suggests that the oxygenation of renal venous vessels is independent of tissue oxygenation. These disadvantages must be taken into account when interpreting data from BOLD-MRI of the kidney.

Despite these disadvantages, BOLD-MRI is a promising method because it is a non-invasive technique, particularly when applied in humans. A previous report has shown that the renal R2* value correlated with eGFR in CKD patients without diabetes (Inoue et al., 2011), whereas another report did not find this correlation in CKD patients (Michaely et al., 2012). The discrepancy between these two reports may be due to differences in patient backgrounds. Another report has indicated there are several factors other than the oxygen tension, such as blood glucose and uric acid levels, that influence the result of BOLD-MRI, whether directly or indirectly (Pruijm et al., 2014). It is debatable whether BOLD-MRI can properly address the heterogeneity of CKD patients.

BOLD-MRI, an R2*-based technique, employs hemoglobin as an oxygen sensor. However, another MRI-based technique that directly measures oxygen molecules has been recently reported (O'Connor et al., 2009; Winter et al., 2011). In this technique, the relaxation rate of the T1 signal (R1) is measured, which is related to the oxygen molecule itself. One report has suggested that R1 in lipids changes with the oxygen tension in mice tumors, whereas another report has shown that the R1-based technique is less sensitive in detecting renal hypoxia in hypoxemia than the R2*-based technique (Jordan et al., 2013; Ganesh et al., 2016). Together with the low invasiveness of MRI-based techniques and the limitation of BOLD-MRI, R1-based measurement is a potentially viable method because it directly determines the oxygen tension.

Phosphorescence

Phosphorescence is a type of light emitted from a molecule in the triplet excited state. Molecules in this state can lose their energy by being hit by oxygen molecules. Phosphorescence intensity and phosphorescence lifetime depend on the oxygen concentration (Rumsey et al., 1988). Thus, this technique can directly measure the oxygen tension. Substances that emit phosphorescence are limited, and exogenous phosphorescence dyes are used to measure phosphorescence. Notably, the phosphorescence lifetime is far longer than the fluorescence lifetime. Both phosphorescence intensity and phosphorescence lifetime can be quantitatively measured. However, phosphorescence dye concentrations in the target organ are required to determine the oxygen tension in vivo using the phosphorescence intensity. Therefore, phosphorescence lifetime measurements are frequently used to determine the oxygen tension in vivo (Mik et al., 2008; Parpaleix et al., 2013; Spencer et al., 2014; Hirakawa et al., 2015). The phosphorescence lifetime does not depend on dye concentration as long as it sufficiently accumulates. In phosphorescence lifetime measurements, the Stern–Volmer equation is used:

[image: image]

where kq is the rate constant, τ is the phosphorescence lifetime at the oxygen concentration of [O2], and τ0 is the phosphorescence lifetime in an anoxic condition (Vanderkooi et al., 1987). These two constants, kq and τ0, depend on the phosphorescence dye and circumstantial microcondition, such as solvent. Thus, the determination of these parameters is problematic.

The oxygen dependence of the phosphorescence lifetime was established in the 1980s. It is utilized with fluorescence needle probes, which contain an oxygen-sensitive fluorescence dye, such as protoporphyrin IX (PpIX) described below, which has similar characteristics against oxygen. Several studies have employed this fluorescence needle probe because of its high sensitivity to the oxygen tension (O'Connor et al., 2006; dos Santos et al., 2007). However, this method cannot overcome the two major disadvantages of microelectrodes: unclear measurement site and high invasiveness. Thus, another way to apply phosphorescence lifetime measurement to in vivo O2 measurement is warranted, and currently, the administration of phosphorescence dyes that are distributed in a certain tissue or cell is frequently used. One research milestone was the report by Spencer et al. (2014). They employed a water-soluble phosphorescence dye, PtP-C343, to measure the oxygen tension in arterioles penetrating cortical bones and showed that the oxygen tension decreased when the arteriole entered the medullary canal in mice. This research directly proved the lower oxygen tension in the bone marrow, which was hypothesized based on the unique vasculature system in the marrow and pimonidazole protein adduct immunohistochemistry (Suda et al., 2011; Nombela-Arrieta et al., 2013).

Powerful research on the kidney was published by Mik et al. (2008). They used Oxyphor G2 as a water-soluble phosphorescence dye and proved that oxygen tension in renal vein was decreased after endotoxin shock in rats. This work clarified where the oxygen tension should be measured (i.e., in renal veins). The phosphorescence dye is excited only in blood in renal vein. In this study, there is no phosphorescence signal from arterial blood, capillary blood, or interstitial fluid, which is problematic in the study of solid organs.

The aforementioned phosphorescence dyes are distributed in the extracellular fluid, mainly in the blood; thus, these dyes cannot directly determine the intracellular oxygen tension. Our group recently reported a novel technique for measuring the intracellular oxygen tension using BTPDM1, a cationic lipophilic phosphorescence dye (Yoshihara et al., 2015). In the kidney, this dye is found only inside tubular cells. Thus, phosphorescence lifetime imaging reflects only the intracellular oxygen tension in tubules. Using this method, phosphorescence lifetime measurement revealed renal hypoxia in CKD, and the phosphorescence lifetime was successfully converted to the partial pressure of oxygen using the calibration curve obtained from a cultured tubular cell line. One disadvantage of this technique is dye toxicity when applied in human beings because BTPDM1 contains iridium, a heavy metal. Another dye that may overcome this disadvantage is PpIX (Mik et al., 2006). PpIX is a precursor of heme and is unique in that it can emit delayed fluorescence. This delayed fluorescence is similar to phosphorescence in terms of oxygen sensitivity, i.e., its phosphorescence lifetime depends on the oxygen tension. PpIX localizes to the mitochondria, and its physiological concentration is so low that it cannot be used as an endogenous oxygen sensor. However, when a large amount of 5-aminolevulinic acid (5-ALA), a PpIX precursor, is administered, the cellular synthesis of PpIX sufficiently increases to allow its use as an oxygen sensor via delayed fluorescence lifetime measurements. Using this method, the topical application of 5-ALA enables PpIX accumulation in the skin of healthy human volunteers and the oxygen tension estimate in human skin (Harms et al., 2013). Thus, this technique can be applied to abdominal organs, such as the liver (Bodmer et al., 2012). These phosphorescence or delayed fluorescence lifetime measurement techniques have the advantage of direct oxygen measurements and a superior quantitative performance. In contrast, these techniques cannot be used for assessing the deeper portion of the kidney, such as the outer medullary region, because phosphorescence is absorbed in tissues, particularly by hemoglobin.

CONCLUSION AND FUTURE PERSPECTIVES

In this review, we addressed the pathophysiological importance of renal hypoxia with a focus on hypoxia detection. Although oxygen tension determination has been studied for a long time, recent advances have made it possible to achieve continuous measurements, non-invasive oxygen assessments, and intracellular oxygen assessments. All these methods have their advantages and disadvantages; therefore, a comprehensive understanding and proper selection of the available methods are required to assess renal hypoxia and identify the final common pathway in individual hypoxia patients. Thus, a sufficient understanding of oxygen detection techniques will help researchers develop new drugs against CKD and renal hypoxia.
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Chronic kidney disease (CKD) is characterized by an irreversible decrease in kidney function and induction of various metabolic dysfunctions. Accumulated findings reveal that chronic hypoxic stress and endoplasmic reticulum (ER) stress are involved in a range of pathogenic conditions, including the progression of CKD. Because of the presence of an arteriovenous oxygen shunt, the kidney is thought to be susceptible to hypoxia. Chronic kidney hypoxia is induced by a number of pathogenic conditions, including renal ischemia, reduced peritubular capillary, and tubulointerstitial fibrosis. The ER is an organelle which helps maintain the quality of proteins through the unfolded protein response (UPR) pathway, and ER dysfunction associated with maladaptive UPR activation is named ER stress. ER stress is reported to be related to some of the effects of pathogenesis in kidney, particularly in the podocyte slit diaphragm and tubulointerstitium. Furthermore, chronic hypoxia mediates ER stress in blood vessel endothelial cells and tubulointerstitium via several mechanisms, including oxidative stress, epigenetic alteration, lipid metabolism, and the AKT pathway. In summary, a growing consensus considers that these stresses interact via complicated stress signal networks, which leads to the exacerbation of CKD (Figure 1). This stress signal network might be a target for interventions aimed at ameliorating CKD.

Keywords: hypoxia, er stress, chronic kidney disease, stress signal network, UPR signaling pathways

INTRODUCTION

CKD is a global public health problem which has substantial impact on morbidity, mortality, and health resource utilization. The progression of CKD is defined as a decrease in glomerular filtration rate regardless of primary disease. CKD is related to a variety of metabolic abnormalities including acidosis, hypertension, anemia, and mineral bone disease (Collister et al., 2016). Chronic hypoxia of the tubulointerstitium is the common pathway that leads to end stage renal disease (Mimura and Nangaku, 2010). Hypoxia also triggers ER stress, which further contributes to the progression of CKD (Inagi et al., 2014). In this review article, we summarize the crosstalk between hypoxia and ER stress in CKD and explore possible targets for intervention.
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FIGURE 1. Putative stress signal network between ER stress and hypoxia in CKD. Abbreviations: Epo, erythropoietin; ER, endoplasmic reticulum CKD: chronic kidney disease; vLDL-R, very low lipoprotein receptor. Hypoxia and ER stress interact through a number of complicated pathways and lead to the exacerbation of CKD. The progression of CKD is caused via vascular damage, glomerular damage and tubulointerstitial injury. The mechanisms by which ER stress induces hypoxia include a change of oxygen demand in tissue, dysfunction of iron metabolism and reduction in EPO production. By contrast, chronic hypoxia induces ER stress through oxidative stress, epigenetic regulation by microRNA, overexpression of vLDL-R and the Akt pathway. These pathogenic factors could be targets for CKD therapy.



PATHOPHYSIOLOGY OF HYPOXIA AND ER STRESS IN KIDNEY DISEASE

Physiological Hypoxia in Kidney

Hypoxia is a pathologic condition which is characterized by an insufficient supply of oxygen to meet demand. The blood supply to the kidneys is very large, accounting for roughly 25% of cardiac output. However, owing to the presence of an arteriovenous oxygen shunt in the kidney (Schurek et al., 1990; Welch et al., 2001), no more than 10% of the oxygen delivered through the renal artery is utilized (Evans et al., 2008). Oxygen utilization by the kidney therefore appears to be inefficient, suggesting in turn that the kidney might be particularly susceptible to hypoxia.

How Kidneys Survive the Hypoxic State

When the kidney is exposed to hypoxia, the expression of some genes changes. The master regulator of the adaptation to hypoxia is hypoxia inducible factor (HIF), a transcription factor. HIF is composed of an α-subunit (HIF-1α,2α,3α) and β-subunit [HIF-1β/AhR nuclear translocator (ARNT)]. Although HIF-1β is constitutively expressed, HIF-α members are degraded in normoxic conditions. HIF-α is hydroxylated by a prolyl hydroxylase domain-containing protein (PHD), and the binding of HIF–α protein to the von Hippel Lindau protein (pVHL) results in ubiquitination and degradation. Under hypoxia, HIF-α escapes this degradation and dimerizes with HIF-1β. The dimer translocates into the nucleus and binds to the hypoxia-response element (HRE) of HIF-target genes. This results in the activation of target genes involved in angiogenesis, erythropoiesis, and glycolysis (Mimura and Nangaku, 2010; Shoji et al., 2014).

Pathogenic Hypoxia in the Kidney

Various pathogenic conditions induce chronic kidney hypoxia, including hypertension and diabetes. Some studies have shown that following renal ischemia, density of the peritubular capillaries decreases, as does oxygen tension in the kidney (Basile et al., 2001, 2003). Furthermore, the systemic hemodynamic changes and vasoconstriction associated with the renin-angiotensin system result in a decrease in peritubular capillary flow (Korner et al., 1994). Hypoxia might also be induced via tubulointerstitium fibrosis, in which the distance between the capillary and tubular cells is extended, leading to further impairment of oxygen delivery (Norman and Fine, 2006). In addition, some conditions increase oxygen demand, including glomerular hyperfiltration induced by hyperglycemia, (Korner et al., 1994), and anemia decreases oxygen delivery to the kidney (Johannes et al., 2007).

ER Stress and Its Stress Signal UPR Pathway

The ER is the main organelle involved in the quality control of proteins. This process, termed proteostasis, involves protein synthesis, protein folding, and the degradation of malfolded proteins. The quality of proteins is maintained through the UPR pathway, an integrated pathway which transduces information about protein folding conditions from the ER to the nucleus by controlling the activity of specific downstream transcription factors (Inagi et al., 2014; Rivas et al., 2015). The adaptive UPR pathway is regulated by the three major pathway transducers present in the ER lumen, named inositol-requiring protein 1 (IRE1), pancreatic eukaryotic translation initiation factor 2α (eIF2α) kinase (PERK) and activating transcription factor 6 (ATF6). These transducers are kept in an inactive state in normal conditions via binding to the ER chaperon GRP78 (78 kD glucose-regulated protein). However, the maintenance of protein metabolism is disturbed under various pathogenic stresses, including hypoxia. This disturbance results in the accumulation of unfolded proteins through ER dysfunction, which in turn causes cell damage. This series of events is termed ER stress. Under ER stress, GRP78 is dissociated from transducers and binds to unfolded proteins. The free transducers are thus activated, causing the UPR transcription factors, including X-box-binding protein 1 (XBP1) and ATF4, to translocate into the nucleus. This translation leads to up-regulation of the expression of UPR-target genes involved in protein folding and ER-associated protein degradation (ERAD). Activated ATF6 translocates into the Golgi apparatus and is cleaved to form ATFp50, a transcription factor which activates the expression of the UPR-target gene related to ERAD. However, if the adaptive UPR pathway is overcome by chronic or severe ER stress and proteostasis cannot be maintained, the predominant outcome is the induction of ER stress-related apoptosis, which occurs via the activation of C/EBP homologous protein (CHOP) (Kimata et al., 2004; Inagi, 2010; Pincus et al., 2010). ER stress is associated with many diseases, including diabetes (Rivas et al., 2015), chronic heart failure (Cominacini et al., 2015) and some neurodegenerative diseases (Soto, 2003). Moreover, many recent studies have reported a relationship between the UPR pathway and glomerular and tubular cell damage in various kidney diseases (Inagi et al., 2014).

Pathophysiology of ER Stress in Kidney Disease

Many studies have revealed the effects of the pathogenesis of the UPR pathway in the kidney. The podocyte slit diaphragm is important as a glomerular filtration barrier. The structural components of the slit diaphragm [nephrin, alpha-actinin-4, and CD2-associated protein (CD2AP)] are subject to a mutation which causes defective protein folding in the ER of podocytes. The accumulation of malfolded proteins of the slit diaphragm induces structural and functional damage associated with ER stress and subsequent proteinuria (Cybulsky et al., 2009; Chiang and Inagi, 2010; He et al., 2011). Various pathogenic factors also trigger ER stress in podocytes, including complement complex (Cybulsky, 2013) and calcium entry via transient receptor protein 6 (TRPC6) (Chen et al., 2011). ER stress also injures podocytes via increased expression of monocyte chemoattractant protein 1 (MCP-1), which plays a central role in the inflammation associated with diabetic nephropathy. The structural and functional properties of tubular epithelial cells are closely dependent on ER proteostasis. Exposure of tubular cells to severe or long-term stress induces UPR pathway-mediated apoptosis and leads to the progression of CKD. Well-known examples of adverse factors that induce UPR pathway-related cell apoptosis, reduce the repair capacity of tubular cells and accelerate the progression of kidney disease include proteinuria (Ohse et al., 2006), hyperglycemia (Lindenmeyer et al., 2008), uremic toxins (Kawakami et al., 2010), and nephrotoxins, including cisplatin (Ozkok and Edelstein, 2014). Furthermore, ER stress has also been demonstrated in a unilateral ureteral obstruction tubulointerstitial fibrosis rat model (Chiang et al., 2011), in which excessive UPR activation over the adaptive UPR pathway contributed to tubular cell apoptosis and the resulting fibrosis.

INTERACTION OF HYPOXIA AND ER STRESS

Hypoxia to ER Stress

Chronic hypoxia triggers ER stress. Hypoxia induces cell stress, which leads the production of reactive oxygen species (ROS), a situation termed oxidative stress. ROS are produced in several organelles, including the ER. Altered redox homeostasis in the ER cause ER stress. These findings indicate a close link between hypoxia, oxidative stress, and ER stress (Sena and Chandel, 2012; Cao and Kaufman, 2014; Inagi et al., 2014). For example, we previously reported the epigenetic regulation of the cross-talk of hypoxia-oxidative stress-ER stress by microRNA. We found that miR-205, a microRNA which is predominantly expressed in kidney tubular cells, maintains tubular homeostasis by regulating the expression of PHD1, which negatively controls HIF1α and ATF4. HIF1α is a transcription factor of the HIF pathway and ATF4 is a transcription factor of the URP pathway, and the two act together to regulate antioxidant enzyme expression (Muratsu-Ikeda et al., 2012). Furthermore, hypoxia results in activation of the PERK/eIF2α axis of the UPR pathway by Akt (also known as protein kinase B or PKB), a serine/threonine kinase member of the AGC family of protein kinases which is involved in cell growth, proliferation, protein translation, and cell survival. Cells without Akt isoform 1 and 2 do not induce either PERK or eIF2α phosphorylation, even in hypoxic conditions, demonstrating that Akt mediates PERK/eIF2α activation during hypoxia (Blaustein et al., 2013). In addition, hypoxia triggers ER stress and induces very low density lipoprotein receptors (vLDL-R) in vessel endothelial cells. Knockdown or overexpression of vLDL-R improves or exacerbates hypoxia-induced ER stress, demonstrating that vLDL-R induces endothelial cell apoptosis via ER stress (Yang et al., 2014). Thus, these mechanisms might be targets for interventions aimed at preventing the CKD progression associated with vessel and tubulointerstitial damage.

ER Stress to Hypoxia

ER stress is reported to suppress the production of erythropoietin (EPO), a hematopoietic hormone regulated by the HIF pathway. This suppression of EPO by ER stress is inversely correlated with ATF4 expression, and the binding of ATF4 to the 3′ enhancer region of EPO gene abolished the enhancer activity (Chiang et al., 2013). ER stress also changes ferrokinetics. Hepcidin is a peptide hormone secreted by the liver which controls iron homeostasis. The production of Hepcidin is mediated by inflammation and iron. The overproduction of hepcidin causes anemia, but its deficiency leads to hemochromatosis. One report revealed that ER stress also induces hepcidin expression and causes hypoferremia in mice. CREBH (cyclic AMP response element–binding protein H), an ER stress–activated transcription factor, binds to and trans-activates the hepcidin promoter. Hepcidin induction in response to exogenously administered toxins or the accumulation of unfolded proteins in the ER is defective in CREBH knockout mice, indicating a role for CREBH in ER stress–regulated hepcidin expression (Vecchi et al., 2009). These reports indicate that ER stress is related to hematopoiesis and iron metabolism, and that ER stress might therefore be related to hypoxia via the mediation of anemic conditions.

The mechanisms described above could lead to a decrease in kidney function via deteriorating hypoxia by induction of anemia. In turn, a decrease in kidney function results in the accumulation of uremic toxins. Indoxyl sulfate (IS), a representative uremic toxin, induces ER stress in cultured human proximal tubular cells, as demonstrated by an increase in CHOP, and inhibits the proliferation/repair of tubular cells (Kawakami et al., 2010). Moreover, IS also increases oxygen consumption in kidney proximal tubular cells and decreases renal oxygenation. On the other hand, IS suppresses mRNA expression of EPO, demonstrating a link between IS and hypoxia as well as ER stress (Chiang et al., 2011). In fact, IS suppresses the induction of HIF-1 target gene expression in hypoxic conditions through dysfunction of the HIF-1α C-terminal transactivation domain (CTAD). The suppression of HIF-1 activity by IS is correlated with up-regulation of CBP/p300-interacting transactivator with the Glu/Asp-rich carboxy-terminal domain 2 (CITED2), which is a negative regulator of HIF-1 activity. Namely, IS increases CITED2 expression via post-transcriptional mRNA stabilization (Tanaka et al., 2013). Asai et al have shown that IS suppresses HIF activation, and subsequent EPO production via AhR activation, and that AhR blockade improves IS-induced suppression of HIF activation (Asai et al., 2016). These findings suggest that IS may be a pathogen that perturbs cross-talk between the UPR pathway of ER stress and the HIF pathway of hypoxia. Taken together, these findings indicate that the removal of IS, blockage of AhR, inhibition of hepcidin production and mediation of the UPR pathway, including ATF4, might be therapeutic targets in ameliorating hypoxia and subsequent CKD progression.

CONCLUSION

Hypoxia and ER stress act together to induce a deterioration in kidney function. This adverse effect is mediated by the formation of a complicated signal network between them. Furthermore, uremic toxins such as IS also induce ER stress and subsequent hypoxia through suppression of erythropoiesis and the exacerbation of tubular fibrosis. These pathogenic factors could be targets for CKD therapy.
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BOLD-MRI (blood oxygenation-level dependent magnetic resonance imaging) allows non-invasive measurement of renal tissue oxygenation in humans, without the need for contrast products. BOLD-MRI uses the fact that magnetic properties of hemoglobin depend of its oxygenated state:: the higher local deoxyhemoglobin, the higher the so called apparent relaxation rate R2* (sec−1), and the lower local tissue oxygen content. Several factors other than deoxyhemoglobin (such as hydration status, dietary sodium intake, and susceptibility effects) influence the BOLD signal, and need to be taken into account when interpreting results. The last 5 years have witnessed important improvements in the standardization of these factors, and the appearance of new, highly reproducible analysis techniques of BOLD-images, that are reviewed in this article. Using these new BOLD-MRI analysis techniques, it has recently been shown that persons suffering from chronic kidney diseases (CKD) have lower cortical oxygenation than normotensive controls, thus confirming the chronic hypoxia hypothesis. The acute alterations in R2* after the administration of furosemide are smaller in CKD, and represent an estimate of the oxygen-dependent tubular transport of sodium. BOLD-MRI-alone or in combination with other functional MRI methods- can be used to monitor the renal effects of drugs, and is increasingly used in the preclinical setting. The near future will tell whether or not BOLD-MRI represents a new tool to predict renal function decline an adverse renal outcome.
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INTRODUCTION

Chronic kidney disease (CKD), defined as an estimated glomerular filtration rate below 60 ml/min/1.73 m2 and/or the presence of (micro) albuminuria, has become a major public health problem with a global prevalence in the general population of ~10% (Ponte et al., 2013). CKD is an independent cardiovascular risk factor and associated with increased mortality (Astor et al., 2011). The pathophysiology of CKD and its progression to end stage renal disease is complex and incompletely understood, but mounting evidence from animal studies suggests that renal tissue hypoxia is the final and common pathway, irrespective of etiology (Alberti and Zimmet, 1998; Fine and Norman, 2008). According to this “chronic hypoxia hypothesis,” loss of peritubular capillaries induces interstitial hypoxia which triggers local inflammation and fibrosis. This leads in turn to further obliteration and loss of capillaries, thus completing the vicious circle. So far, evidence for the chronic hypoxia hypothesis in humans has been sparse, mainly because of the lack of methods to assess renal tissue oxygenation in a reliable, non-invasive manner.

A technique to measure tissue oxygenation in humans would be a valuable tool for several reasons. First of all, such a technique could be used to confirm or reject the chronic hypoxia hypothesis. Secondly, ideally it would allow to identify CKD patients at increased risk for rapid renal function decline and end-stage renal disease, since according to the chronic hypoxia hypothesis, those with the lowest degree of oxygenation have the highest renal risk. Finally, drugs that chronically increase renal tissue oxygenation would have the potential to retard the progression of CKD. Thus, a method capable of measuring renal tissue oxygenation could identify at an early stage drugs with oxygen-increasing and possibly nephroprotective potential.

Since its first description in 1996 (Prasad et al., 1996), renal blood oxygenation-level dependent MRI (BOLD-MRI) is seen by many as the most promising method to assess renal oxygenation non-invasively in humans. In brief, BOLD-MRI uses the paramagnetic properties of deoxyhemoglobin to assess tissue oxygenation: the higher local deoxyhemoglobin, the higher the apparent relaxation rate R2* (sec−1), and the lower local tissue oxygen content, assuming that blood pO2 is in equilibrium with tissue pO2. BOLD-MRI does not require the administration of (possibly nephrotoxic) contrast media, making it an interesting tool for CKD patients. BOLD-MRI is fast and can be repeated many times in short time intervals without side-effects.

Despite these advantages, BOLD-MRI is for the moment mainly used in research settings and not yet fully integrated in clinical practice. The initial enthusiasm was tempered by studies who failed to demonstrate with BOLD-MRI that chronic hypoxia is indeed present in humans. Besides, we have learned that factors other than oxygenation (such as blood pH, hematocrite, hydration status, and susceptibility effects, see below) influence the BOLD-signal (Prasad and Epstein, 1999; Pruijm et al., 2010; Neugarten, 2012). However, progress has been made in the standardization of these factors, as well as in data acquisition and analysis, which has recently lead to interesting results and will possibly lead to new applications for this technique. In this article, we review the technical hurdles that had to be overcome, others that still need to be resolved, the main results of clinical studies and the perspectives of BOLD-MRI.

BOLD-MRI: TECHNIQUE AND PITFALLS

The basic principle of Magnetic Resonance Imaging (MRI) can be summarized as follows: when atomic nuclei with non-zero angular momentum (like hydrogen) are placed in a magnetic field and reach thermal equilibrium, an excess of nuclei lying in the low energy state appears. This excess of nuclei can be brought to some higher energy state when excited by an electromagnetic wave (pulse). The nuclei return to equilibrium after the excitation while emitting back a radiation; this takes a certain time, measured as the so called relaxation times (T1 and T2). These parameters provide information about the density and localization of (hydrogen or other) nuclei, and allow the construction of an image.

BOLD-MRI measures the apparent relaxation rate R2* (or decay rate, defined as 1/T2* and expressed in sec−1) for each voxel located in the kidney. This parameter is influenced by any kind of inhomogeneity in the static magnetic field, in particular by the effect of deoxyhemoglobin, which has a strong positive magnetic susceptibility due to its central iron atom. The susceptibility difference between deoxyhemoglobin and surrounding tissues will generate intra-voxel magnetic field inhomogeneities. As such, the decay rate R2* will be enhanced when the local deoxyhemoglobin concentration is increased. Assuming that blood pO2 is in equilibrium with tissue pO2, R2* values allows to qualitatively compare tissue oxygenation between different voxel of the same subject and between subjects: low R2* values indicates high tissue oxygenation, and vice versa (Prasad, 2006). BOLD-MRI has been validated in animal studies, showing that R2* correlates negatively with directly measured pO2 (Pedersen et al., 2005). However, several points merit attention in the interpretation of R2* values. First, factors that affect the oxygen dissociation curve (which describes the relationship between de(oxy)Hb and pO2) such as blood pH, body temperature, and hematocrite alter the equilibrium described above, and should be taken into account when performing BOLD-MRI (Neugarten, 2012). Second, the BOLD-signal is sensitive to an acute water load (Prasad and Epstein, 1999). This sensitivity is partly explained by the water-induced reduction in oxygen-consuming tubular transport, but an increase in tubular volume after water intake will also reduce the local deoxyhemoglobin volume fraction and thus further decrease R2*. Standardization of water intake is therefore warranted. Because tubular sodium reabsorption is a major driver of oxygen consumption, short-term alterations in dietary sodium intake influence significantly medullary R2* values, and urinary sodium excretion (as a proxy of sodium intake) should therefore be measured whenever possible (Pruijm et al., 2010).

While the acquisition of BOLD-MRI is performed in many centers worldwide, no general consensus exists on how to analyze the BOLD-images, and many methods are in use (see Figure 1 for a few examples). In the oldest and most frequently used method, the ROI technique, small circles each containing a collection of voxels -called regions of interest (ROI's)- are placed manually in the cortex and in the medulla of each slice (Figure 1, left image). This allows the calculation of the average cortical and medullary R2* values, per kidney or for both kidneys together (Simon-Zoula et al., 2006). Placement of ROIs is easy in kidneys with preserved renal function, but difficult in patients with advanced CKD due to the lack of cortico-medullary differentiation in the latter (e.g., the human eye is no longer capable of differentiating the cortex from the medulla purely based on radiological contrast differences). A second, recent method called the TLCO (12 layers concentric objects) technique is a semi-automatic procedure that divides the kidney in 12 layers of equal thickness. The mean R2* values of all layers can be plotted as a curve (the R2* radial profile) with a certain slope (Figure 1, middle image). The steepness of the slope is associated with the degree of CKD: the higher the eGFR, the steeper the slope (Milani et al., 2016). The R2* profile has a low inter-observer variability and can visualize layer by layer the effect of external stimuli, making it an interesting tool to study the effects of drugs, as recently demonstrated (Vakilzadeh et al., 2015).
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FIGURE 1. Three currently used techniques to analyze BOLD-MRI. (Left) Classical ROI-based technique, with placement of circle-shaped regions of interest (ROIs) in the renal cortex (yellow) and medulla (red); (Middle) Twelve-Layer Concentric Objects (TLCO) technique, which divides the renal parenchyma in 12 layers of equal thickness; (Right) Fractional hypoxia technique, which counts the percentage of voxels with an R2* value >30 sec−1.



Since the BOLD-signal is influenced by many factors, of which some are scanner related, absolute R2* values are not comparable across sites. The steepness of the R2* slopes less of the R2* values, but merely of their intra-compartmental distribution. This observable may therefore be more suitable for comparisons across centers, which would be a huge advantage for eventual future integration in clinical practice. Another way to overcome this hurdle is to perform a dynamic test (such as the administration of IV furosemide or 100% oxygen breathing), and to assess the percentage change in R2*.

In a third method called the fractional tissue hypoxia-technique, the whole renal parenchyma is selected, and the percentage of R2* values above a certain threshold (usually 30 s−1 or >2.5 standard deviations of the average R2* value) is reported (Saad et al., 2013). This technique provides a variable—the percentage of hypoxic tissue- that can be easily interpreted by clinicians, but it does not differentiate between cortex and medulla (Figure 1, right image).

Taken together, each technique has his advantages and disadvantages. The most promising and reproducible technique for CKD patients is at the moment, to our opinion, the TLCO method; international efforts are ongoing and necessary to standardize analysis methods in the years to come.

BOLD-MRI IN CKD

Surprisingly, BOLD-MRI studies have not uniformly demonstrated that renal tissue oxygenation is reduced in CKD patients as compared with controls. Some studies reported higher R2* values suggesting lower renal oxygenation at lower eGFR, whereas other studies did not find any correlation between CKD status and R2* (Table 1). Unfortunately, many of the “early” studies lacked information on drug-or sodium intake, did not standardize water intake, or did not differentiate between the underlying causes of CKD. However, even well-designed studies failed to show differences in R2* between persons with and without CKD (Khatir et al., 2015). It has become clear that the analysis technique has a large impact on the results. Our research group has recently demonstrated that the ROI technique is highly observer-dependent in advanced CKD, and should therefore not be used in these patients (Piskunowicz et al., 2015). The importance of the used analysis technique is further illustrated by the fact that our research group did not find any differences in R2* with the ROI technique, whereas the use of the TLCO technique in the same patient cohort showed significant differences in R2* between the cortical layers of CKD patients and controls (Milani et al., 2016).


Table 1. Overview of the studies that have used BOLD-MRI to assess renal tissue oxygenation in CKD patients as compared with controls.
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As can be appreciated in Table 1, recent BOLD-MRI studies have actually demonstrated that CKD patients have higher R2* values (corresponding to lower renal tissue oxygenation) as compared to controls, thus confirming the findings of animal studies. Differences in R2* were mainly confined to the cortex, which is somewhat surprising, since the cortex has higher pO2 values than the medulla (50 vs. 10–20 mmHg), receives 90% of the renal blood flow, and has relatively lower oxygen consumption than the medulla (Aukland and Krog, 1960; Heyman et al., 2008). In theory, the cortex should therefore be better protected against hypoxia. Whether this is explained by glomerular hyperfiltration in residual glomeruli, altered diffusive shunting pathways or reduced metabolic efficiency of solute transport in tubular cells is actually unclear. Of note, although the mean R2* is higher in CKD patients, differences are small, and according to some authors mainly driven by a minority of CKD patients with high R2* values (Prasad et al., 2015). This finding illustrates that renal tissue oxygenation is rather tightly controlled in the majority of individuals. In this respect, some have stated that interstitial fibrosis- the consequence of hypoxia and one of the hallmarks of advanced kidney disease- might be a way to maintain to a certain degree renal oxygenation, by decreasing local oxygen-consuming active transport. Long-term 5/6 nephrectomy models in the rat have indeed reported maintained pO2 levels in remnant kidneys (Priyadarshi et al., 2002). In humans, this hypothesis has not been confirmed so far; one study reported no correlation between R2* values and the degree of fibrosis (Ries et al., 2003), another found higher R2* values at increasing degrees of biopsy-proven fibrosis (Inoue et al., 2011). Finally, it is actually unknown whether CKD patients with high R2* values have more progressive disease than those with lower R2* values, and longitudinal follow-up studies are therefore eagerly awaited.

BOLD-MRI AND DRUGS

As stated in the introduction, BOLD-MRI can be repeated many times without side effects, making it an interesting tool to study the effect of drugs. On this behalf, the loop diuretic furosemide has been the most investigated. Blocking the Na+-K+-2Cl− transporter in the thick ascending loop of Henle with an IV bolus of furosemide leads to an acute decrease in active oxygen-consuming sodium transport, and increases local pO2 (Liss et al., 1999). As a proof of concept, acute furosemide-induced decreases in medullary R2* have been reported in both animals and humans (Brezis et al., 1994; Epstein and Prasad, 2000). Of interest, the medulla of CKD patients shows smaller decreases in R2* in response to furosemide than controls, and the furosemide-induced R2* change correlates well with the eGFR (Pruijm et al., 2014). This is explained by some as purely a dose effect due to the reduced renal function. Indeed, in order to exert its natriuretic action, furosemide has to be secreted by the proximal tubular cells, which is less the case at lower eGFR. Others see the R2* response as an indicator of tubular function and transport. For example, hypertensive individuals show, as CKD patients, a blunted R2* response to furosemide, although their eGFR is preserved, an observation that possibly refers to altered tubular sodium handling in hypertensives. Whether the R2* response to furosemide is indeed a marker of tubular function and mass, and has prognostic potential to predict adverse renal outcome, is currently unknown.

Few studies have tested other drugs with regard to their effect on R2*. One of the earliest studies reported acute increases in medullary and cortical R2* after iodinated contrast products, which is in line with their well-known vasoconstrictive and nephrotoxic potential (Hofmann et al., 2006). Inversely, acute decreases in R2* (within 1 h) have been described after the administration of blockers of the renin-angiotensin system in small studies that included hypertensive or CKD patients (Djamali et al., 2007; Siddiqi et al., 2014). This is in line with the nephroprotective properties of these drugs, that lower intraglomerular pressure, tubular sodium transport, local inflammation, and oxidative stress (Tocci and Volpe, 2011). In contrast, chronic intake of renin-angiotensin system inhibitors did not alter renal R2* values (Pruijm et al., 2013), although a small decrease in cortical R2* values was found in hypertensive patients after 2 months of aliskiren (Vakilzadeh et al., 2015). These studies show that acute alterations in R2* occur, but they also illustrate once more that chronic renal tissue oxygenation is rather tightly controlled. The acute, drug induced- alterations in R2* offer insights in the mechanism of action and possibly nephroprotective potential of drugs in a preclinical setting. BOLD-MRI can be combined with other MRI methods such as arterial spin labeling, capable of measuring localrenal blood flow, or dynamic contrast enhanced-imaging that can directly measure glomerular filtration rate (Ebrahimi et al., 2014). Therefore, functional MRI can provide a wealth of information in the renal mechanisms of action of drugs, and possibly indicate renal side effects or benefits long before clinical outcome studies. Considering animal studies, functional MRI also has the potential to reduce animal usage. For these reasons, we expect functional MRI to play an increasingly important role in drug research.

BOLD-MRI AND RENAL ARTERY STENOSIS

As any organ, renal tissue oxygenation depends not only of local oxygen consumption (mainly active tubular sodium-dependent transport), but also of oxygen delivery (renal blood flow and hemoglobin level). Renal artery stenosis (RAS) is the classic example of ischemic nephropathy, and one would expect to find cortical and medullary hypoxia in this patient group. Animal studies have indeed reported acute increases in R2* after clipping of the renal artery (Juillard et al., 2004). However, no hypoxia could be detected with BOLD-MRI 4 weeks after clipping of the renal artery (Rognant et al., 2010). As in the remnant kidney model, the kidneys at the side of the clipped renal artery were atrophic and non-functional, and this study therefore does not necessarily reflect the situation as often encountered in the clinic when RAS kidneys are (slightly) reduced in size, but not atrophic.

In humans, BOLD-MRI has, to the best of our knowledge, not been used in situations of acute renal artery occlusion. In chronic RAS, increases in R2* have been reported in patients with severe RAS (>90%), but not in those with less severe RAS (Gloviczki et al., 2011a). Hence, renal tissue oxygenation seems to be relatively independent from global renal blood flow. Of note, kidneys have the particularity that increases in RBF do not necessarily increase local pO2. Indeed, an increase in RBF leads, at constant filtration fraction, also to a higher GFR which on its term will increase the amount of filtered sodium, and thus the tubular sodium load and oxygen consumption (Hansell et al., 2013).

Some investigators have used the R2* response to furosemide as a marker of viability of renal tissue (Gloviczki et al., 2011b). In unilateral RAS, the eGFR does not provide information on the relative function of each kidney, whereas BOLD-MRI allows per-kidney analysis. The research group from the Mayo Clinic has demonstrated that the change in R2* after IV furosemide is smaller in those with severe RAS and reduced renal volume than in those with moderate RAS, and that non-viable renal tissue is therefore possibly defined as tissue that does not exhibit any change in R2* after furosemide (Gloviczki et al., 2011a).

CLINICAL APPLICATIONS AND PERSPECTIVES

Renal Artery Stenosis

Large randomized trials such as the Angioplasty and Stenting for Renal Artery Lesions trial (ASTRAL) have tempered the enthusiasm of clinicians to perform renal artery angioplasty ± stenting in RAS patients (Investigators et al., 2009). Nevertheless, it is well known that some patients definitely benefit from angioplasty, and the main question remains how to predict the outcome of this procedure. The studies outlined above show that renal oxygenation can be maintained over a wide range of stenosis, but that above a certain individual threshold, chronic ischemia occurs, leading to inflammation, and decline of renal function, and diminished response to furosemide (Gloviczki et al., 2011a,b). This suggests that patients who will most likely benefit from angioplasty present chronic ischemia and a maintained response to furosemide, but this has not been tested in clinical practice. Hermann et al. recently reported that fractional hypoxia was higher in the stenotic kidneys of patients with high-grade RAS than in patients with essential hypertension (22.1 ± 20 vs. 9.6 ± 7%). Fractional hypoxia diminished (from 22.1 ± 20 to 14.9 ± 18.3%) after renal stenting (Herrmann et al., 2016). In a similar way, an English research group showed that those with higher overall R2* levels and preserved renal volume and function had favorable outcomes after revascularization (Chrysochou et al., 2012). The integration of functional BOLD-MRI in the workup and decision process of RAS opens new perspectives, but this needs further validation in clinical studies.

Chronic Kidney Disease

Ideally, BOLD-MRI should identify patients at increased risk of CKD progression, expecting that those with the lowest renal oxygenation, or the lowest R2* change after furosemide, have the highest risk of progression. So far, these data are lacking, hampering the introduction of BOLD-MRI in clinical practice.

Another issue is the fact that BOLD-MRI alone cannot establish whether a high R2* value is the result of low oxygen delivery (low RBF, extended renal fibrosis), high oxygen consumption (glomerular hyperfiltration, enhanced tubular absorption), or both. CKD is characterized by increased fibrosis, which on the one hand limits oxygen diffusion out of capillaries into renal cells, yet on the other hand also limits oxygen consumption. Quantifying fibrosis and regional blood flow, in combination with BOLD-MRI, could therefore provide useful information. Apart from T1mapping, so-called diffusion-weighted MRI (DW-MRI) offers a non-invasive way to quantify renal fibrosis and microcirculation. DW-MRI collects images with and without diffusion weighted gradients, and expresses molecular diffusion as the apparent diffusion coefficient (ADC) Liss et al., 2013. The total ADC can be separated in a perfusion fraction (Fp) and perfusion-free diffusion (ADCD), as measures of local microcirculation and fibrosis. A reduction in ADC has been shown to correlate with CKD staging and the degree of fibrosis (Xu et al., 2010; Zhao et al., 2014), and a reduction in Fp has been demonstrated in renal allografts suffering from acute rejection (Eisenberger et al., 2010). Whether a combination of BOLD-MRI and diffusion MRI is capable of predicting renal function decline is not yet known, and subject of active research.

CONCLUSION

BOLD-MRI is an exciting technique to assess renal oxygenation non-invasively in humans. Increased knowledge of factors that influence the BOLD-signal has lead to better standardization, and refinements in the analysis technique to highly reproducible results. BOLD-MRI is a powerful tool to detect the influence of altered hemodynamics, drugs, or dietary factors on renal oxygenation. The near future will tell if BOLD-MRI (alone or in combination with other MRI modalities) allows the selection of RAS patients who will benefit from revascularization, and/or early identification of CKD patients at high risk for renal function decline.
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The introduction of dissolution dynamic nuclear polarization (d-DNP) technology has enabled a new paradigm for renal imaging investigations. It allows standard magnetic resonance imaging complementary renal metabolic and functional fingerprints within seconds without the use of ionizing radiation. Increasing evidence supports its utility in preclinical research in which the real-time interrogation of metabolic turnover can aid the physiological and pathophysiological metabolic and functional effects in ex vivo and in vivo models. The method has already been translated to humans, although the clinical value of this technology is unknown. In this paper, I review the potential benefits and pitfalls associated with dissolution dynamic nuclear polarization in preclinical research and its translation to renal patients.

Keywords: dynamic nuclear polarization, hyperpolarization, magnetic resonance imaging, renal metabolism

RENAL MAGNETIC RESONANCE IMAGING

Magnetic resonance imaging (MRI) is a harmless, non-ionizing imaging modality that provides excellent soft tissue contrast. Although this technique has been used successfully in several applications, its full potential is seldom utilized in vivo because of its limited sensitivity. This low sensitivity increases the acquisition times beyond acceptable time scales for detecting metabolically active molecules and substrates in low concentrations. To date, renal MRI is used primarily for morphological examinations in clinical practice. However, for renal functional imaging, several potentially important alternatives exist, which can provide information on renal physiological status in terms of fibrosis, oxygenation, and glomerular filtration. These methods have yet to be translated to clinical practice (Prasad, 2006; Notohamiprodjo et al., 2010). Preclinical and clinical studies have indicated that these methods hold promise for improving the management and outcome of patients with renal diseases (Prasad, 2006; Notohamiprodjo et al., 2010).

The complex pathophysiology of renal disease is closely associated with metabolic alterations that contribute to the disease or are caused as a result of disease progression. Despite tremendous achievements in understanding the basic mechanism of renal disease, scientists still have poor insight into the metabolic link between the development and treatment of renal disease. This is partly because the methods employed to investigate these mechanisms are often destructive ex vivo methods or in vivo radiolabeled tracer techniques.

Advances in hyperpolarization technology have opened up new avenues for increasing the sensitivity of diagnostic imaging in humans using both spin exchange optical pumping (SEOP) and dissolution dynamic nuclear polarization (d-DNP) hyperpolarization. SEOP enables hyperpolarization of noble gases such as Xenon-129 and Helium-3, while d-DNP enables hyperpolarization of carbon-13 in solution (Ardenkjaer-Larsen et al., 2003). This review focuses on d-DNP for renal imaging applications.

DISSOLUTION DYNAMIC NUCLEAR POLARIZATION

Dissolution dynamic nuclear polarization (d-DNP) is a method that extends the already vast applicability of MRI to provide real time in situ cellular metabolic information (Ardenkjaer-Larsen et al., 2003, 2011). The method relies on the generation of a transient artificial high signal 10,000-fold greater than the thermal signal at room temperature at clinical MR magnetic field strengths. This is achieved by placing the sample in a high magnetic field (typically 3–5 T) at low temperature (typically 1.3–0.8 K), and irradiating it with microwaves to transfer energy from electron spins to nuclear spins (typically carbon-13), creating the hyperpolarized sample. The hyperpolarized sample is then rapidly dissolved to obtain a liquid solution retaining the transient hyperpolarized signal (Figure 1).


[image: image]

FIGURE 1. Dissolution dynamic nuclear polarization magnetic resonance imaging—a “one-stop-shop” methodology. The biomarker is hyperpolarized and transferred by intravenous injection to the patient inside the clinical scanner. This procedure increases the sensitivity of the measurements by more than 20,000 times, and enables the direct interrogation of renal uptake and metabolic turnover. Standard clinical magnetic resonance imaging (MRI) capabilities are simultaneously available and provide a very versatile and sensitive diagnostic modality that is free of ionizing radiation and thereby ensures patient safety. DNP, dissolution dynamic nuclear polarization.



d-DNP MRI relies on an intravenous bolus injection of carbon-13 (13C)-enriched biomarkers. Thus, high renal perfusion, metabolic activity, and altered metabolic and functional status in renal diseases makes this technology useful for renal investigations (Johansson et al., 2004; Golman and Petersson, 2006; Leupold et al., 2009). Hyperpolarized biomarkers enable direct quantification of tracer movement, as visible on positron emission tomography (PET). Similar to PET, the hyperpolarized tracer, and not modulation of the surrounding tissue, is the origin of the signal, as seen on standard contrast MRI. This allows for background-free images with high temporal resolution without the use of harmful radiation. The hyperpolarized signal is typically only observable within 1–2 min after dissolution, similar to the fast decaying PET tracers. The chemical structure dictates the signal decay rate and thus the usability of a given molecule, which leads to only small molecules being candidates for d-DNP imaging in vivo. The use of very small molecules ensures that bio-probes such as pyruvate, urea, and fumarate are typically freely filtered by the glomerulus and reabsorbed in the proximal tubule.

Compared to existing diagnostic tools, hyperpolarized MRI has a clear advantage in that it detects the metabolic conversion of 13C-labeled endogenous biomarkers into metabolic derivatives within the cells in vivo. Thus, it detects physiological and pathophysiological changes without the need for invasive biopsies and allows characterization of the entire parenchyma over time. This factor potentially enables separate assessment of individual kidneys, the cortex, and medulla, functional heterogeneity, and focal deficits.

Renal d-DNP MR has received increased attention because it illustrates the dynamic renal status in normal and diseased kidneys in a harmless manner (Leupold et al., 2009; Clatworthy et al., 2012; Laustsen et al., 2013, 2014a,b; Reed et al., 2014). For patients at risk of developing kidney disease, progressive knowledge of in vivo renal substrate selection and functional alterations may help to clarify the mechanisms that cause the kidney to fail.

The potential of d-DNP MR for metabolic and functional investigations of the kidneys was recognized early on by Golman et al. using hyperpolarized renal renograms and perfusion assessment (Golman et al., 2001; Johansson et al., 2004; Golman and Petersson, 2006); more importantly, they showed that hyperpolarized [1-13C]pyruvate could be used for real-time metabolic imaging in vivo. The localization and metabolic rate of pyruvate conversion may be important for diagnosis and for monitoring treatment in renal ischemia reperfusion (Leupold et al., 2009). It can thus serve as a marker of early renal dysfunction to guide therapeutic interventions (Laustsen et al., 2013, 2014b, 2015; Keshari et al., 2015), and highlight potential targets of therapy so as to prevent progression toward chronic kidney disease. An increasing amount of evidence supports the claim of [1-13C] pyruvate as a renal biomarker in diabetic nephropathy and in ischemia/reperfusion injury.

Although no alterations in renal pyruvate metabolism were detected in mice with folic acid-induced acute kidney injury, early tubular necrosis can be detected using fumarate-to-malate conversion. Fumarate does not readily enter healthy cells, and therefore, its conversion is observed only when the cell membrane is permeable. Hence, only early tubular necrosis is detectable via a positive malate signal (Clatworthy et al., 2012). In addition to a severely deranged pyruvate metabolism profile in the early diabetic nephropathic kidney, Keshari et al. (2015) recently showed increased oxidative stress in diabetic mouse kidneys by using the novel redox sensor, hyperpolarized [1-13C] dehydroascorbate. The Keshari study interestingly highlighted the potential of interrogating oxidative stress modulations, which showed that angiotensin II treatment reversed the renal redox status in the diabetic kidney. A particularly interesting alternative bioprobe for renal investigations—13C-urea—is sensitive to the intra-renal osmolality gradient—a hallmark of tubular function. Measuring the intrarenal distribution and perfusion of urea has been demonstrated to detect alterations in the distribution between hydration and diuresis (von Morze et al., 2012). Improved relaxation (decay rate) properties are easily incorporated by utilizing [13C,15N] urea as the bioprobe. This avoids the fast relaxation of quadrupolar nitrogen 14 (14N), which reduces the lifetime of the hyperpolarized sample (Reed et al., 2014). Hyperpolarized urea may ultimately reveal pathological changes in the diseased kidney. Recent novel methods that utilize the relaxation contrast mechanisms of urea are able to identify increased oxygen consumption in the early diabetic kidney and during diuresis and antidiuresis with high resolution (Reed et al., 2015; Laustsen et al., 2016). Urea shows a major potential for clinical translation as a single metabolite bioprobe, and provides simple, intuitive, and quantifiable information on the renal status. These studies together highlight the potential of a conceptual new framework for future research and drug discovery for renal diseases.

POTENTIAL AND PITFALLS

Growing evidence supports hyperpolarized MRI as an excellent research tool in specialized centers; however, several potential pitfalls exist for its translation into widespread use and clinical practice. Most noteworthy are the use of apparent rate constants rather than the “true” rate constants, which would require significant invasive information on the cellular distribution of enzymes, cosubstrates, pH, temperature, and the pool sizes of the substrates for the reactions. This limitation can be partly overcome by introducing an intervention in the examination, similar to the furosemide challenge in blood oxygenation level-dependent (BOLD) MRI, which promotes a change in oxygen utilization because the required energy need is halted; however, a quantifiable measure would significantly increase the impact of the methods. The acquisition and following reconstruction strategies can also significantly impact the quantification of the experiments by imposing compromises on the available information. Hyperpolarized MRI inherently spans a five-dimensional space (i.e., three spatial, one temporal, and one spectral dimension); thus, the acquisition of the transient signal (signal decay due to image acquisition and relaxation decay) is a compromise between signal availability and the information needed to answer a particular question. Several advanced methods have thus been developed for obtaining metabolic and functional information in d-DNP experiments (Cunningham et al., 2007, 2008; Leupold et al., 2009; Mayer et al., 2009; Schmidt et al., 2014). However, this factor limits the reproducibility and comparability of the results. It is also imperative to align acquisition, reconstruction, and analysis protocols to increase the impact in research and in clinical practice, including standardization of supporting information, such as oxygenation status, heart rate, and perfusion.

Non-metabolic biomarkers such as urea for renal functional imaging can be readily quantified via perfusion mapping similar to positron emission tomography and relaxation mapping. This allows easier translation and interpretation of the results.

Most renal investigations have been performed in rodent models, which have unipapillary kidneys, in contrast to the multipapillary human kidney. Thus, rodent metabolism is highly elevated in comparison to that of humans. This difference between the physiology of the rat and human kidneys imposes limitations on the interpretation and translatability of the results. A limited number of studies have been performed in porcine models, which resemble the human physiology and show good agreement with the findings in rodents, along with high intra-animal reproducibility (Laustsen et al., 2015). The limited resolution often utilized in rodent studies imposes significant challenges in differentiating the cortical signal from the medullary signal. This limitation is less pronounced in large animal models; however, improved resolution is still needed.

HUMAN TRANSLATION IN RENAL PATIENTS

A critical point is patient safety. The current clinically ready d-DNP system relies on closed sterile samples, denoted fluid paths, and a non-contact quality control system, which ensures patient safety. The general tolerability of the pyruvate injection is high, which showed no adverse events in humans in an initial human study (Nelson et al., 2013). The production utilizes stable isotopes and requires only increased capacities of the vendors, which makes the method an already affordable technology. [1-13C] Pyruvate is the first bioprobe in the market, but several other candidates are in the clinical pipeline such as [2-13C]pyruvate, [1,4-13C2]fumarate, 13C-urea, and [1-13C]lactate.

The initial human study (Nelson et al., 2013) was performed on cancer patients. However, the biomarkers and procedures are similar for renal investigations, and thereby reduce the transfer time between patient groups. Hyperpolarized MRI shows great potential for generating new and translational insights, and thereby advances the basic understanding of renal pathophysiology and improves the basal needs for treating renal disease, even without clinical translation. To realize the clinical potential of renal hyperpolarized MRI, it is essential to improve the general availability and reproducibility of the method, to generate strong evidence of its clinical utility by performing multicenter trials, and to demonstrate the warranted evidence by comparing it to gold standard methods in patients. An especially critical point in the translation of the method is the standardization of the patient with respect to hydration and metabolic status, as illustrated by the preclinical studies. This is critical to ensure reproducibility and to maximize the sensitivity to both disease and interventions.

Although d-DNP has a few but significant pitfalls, it has great potential as a medical imaging modality. Dissolution-DNP can potentially change the medical imaging paradigm by allowing a harmless, so-called “one-stop-shop” imaging methodology. In this paper, I reviewed the advantages and the pitfalls associated with dissolution dynamic nuclear polarization in preclinical research and its translation to renal patients. The findings of this review suggest that this technology may generate new and translational insights, advance the basic understanding of renal pathophysiology, and improve the treatment of renal disease, even without clinical translation.
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Quatative

Quantitative
Quantitative

IF. hypoxia-inducible factor; HRE, hypoxia-responsive element.

Glinical applicability

PET probe only
No
No
Yes
No
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Patients

Age (years) 62(10)
Gender (n/f) 145
Body weight (kg) 77 (13)
BMI (kg/m2) 26737
Smoking status Yes/No 415
Systolic/diastolic blood 128 24y72 (19)
pressure (mmHg)
€GFR (mL/min/1.73 m2) 225 (6-40)
Haemoglobin (mmoi/L) 79013
Proteinuria (g/L) 053 (0.08-28)
Renal disease Vascular 10
Glomerulonephitis 4
Tubulo-interstitial 1
Polycystic disease 3
Unknown 1
Antinypertensive medication Alpha blockers 4
Beta blockers 10
ACE inhibitors 6
ARBs 8
Calcium antagonists 1"
Diuretics 8

Data are presented as absolute number or mean (SD) or with range in case the outcorme
measure is skewed. ACE, angiotensin converting enzyme. ARB, Angiotensin Il receptor
blocker. *Six patients used erytivopoietin-analogs.
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Parameter Repeatability measures

CoV(%) ICC Number of Number of

subjects  visits
Single renal artery flow 144£43 0844 11 3
Single renal vein flow 1884103 0649 11 3
Total perfusion to single kidney  14.9+3.8 0611 10 3
Cortex perfusion 93£44 0801 11 3
Cortex Ty(at 3T)  SE-EPI 20£15 0848 9 2
bFFE 28+13 0616 11 3
Medula T1(at 3T) SE-EPI 1815 0997 9 2
bFFE 29424 0289 11 3
Cortex T, (@t 3T) 41+£30 0718 4 2
Cortex ADG 29420 0745 10 3
Cortex D 9548 0307 10 3
Cortex D" 3884196 0210 10 3
Cortex fp 2154106 0102 10 3
Total Kidney volume 42£26 0985 11 3

CoV, coefficient of variation; ICC, intra class correfation; Ty, longitudinal relaxation time;
SE-EPI, spin echo-echo planar imaging: bFFE, balanced fast fiel echo; Tz, transverse
relaxation time; ADC, apparent diffusion coefficient; D, pure diffusion coefficient; D",
nescdodiiaion coefliciant: 1, perkion facion,
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Parameter

Ty SE-EP|

Ty bFFE

Ry"

T;. longitudinal refaxation fi

Field
strength (T)

Renal cortex

Mean  std.dev.

1,024 %71 ms
1,367 + 79 ms.
1,083 £ 72 ms
1,124+ 114 ms
707 £24ms
496£66ms
14240557
206+33s7"

Number of
subjects

8
21
58
26
8
18
8
18

Renal medulla

Mean  std.dev.

1272 140ms
1,656 + 76 ms
1318+ 98ms
1,388 + 126 ms.
40.7 £28ms
207454ms
2461757
34.9+69s7"

Number of
subjects

8
20
38
2
8
18
2
18

SE-EPI, spin echo-echo planar imaging: bFFE, balanced fast field echo; T»", transverse relaxation time;

Corticomedullary
differentiation (medulla-cortex)

Mean =+ std.dev. Number of
subjects

248+ 68ms 8
286+ 58 ms 20
265+ 38ms 38
26880 ms 2
-300:£52ms 8
-199+5.1ms 18
10542257 8
14345057 18

%", transverse relaxation rate.
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Parameter Healthy participants  Healthy participants  CKD mean £ P-value

<40 years >40 years SD(V=11)
Mean + SD N Mean + SD N ANOVA between <40 yearsvs. >40 years vs.
groups. >40 years CKD
Renal artery flow (mU/min) 47 x117 83 329469 40 314 % 148 00001 <0.0001 ns
Renal vein flow (mV/min) 437 + 142 21 334+76 P 212 £ 90 0.0002 0.0773 0.0134
Cortex perfusion (ml/100 g/min) 2975 42 202467 43 8368 <0.0001 00019 <0.0001
SE-EPI Ty (ms) (ot 3T) Cortex 1347£65 13 130%93 8 1,530 99 <0.0001 ns 00099
Medula 1635666 12 1685484 8 1,726 %78 00254 ns ns
ATy 28628 12 28689 8 196 % 45 0.0006 ns 00095
T2 (ms) (at3T) Cortex 48974 10 504%58 8 54677 0.0860 ns ns
Medula 208%54 10 20557 8 330£90 ns ns ns
Cortex ADC (x10~3 mm?/s) 23404 23 24£02 16 2103 ns ns ns
Cortex D (x10~3 mm?2/s) 17+£02 23 16+04 15 18+04 ns ns ns
Total kidney volume (m) w162 15 se2xs1 7 400 153 ns ns ns
Kidney volume, BSA corrected (i) 184 £29 15 10£25 7 202 +86 ns ns ns

CKD, Chronic Kidney Disease; T, longitudinal relaxation time; SE-EP), spin echo-echo planar imaging; T", transverse relaxation time; ADC, apparent diffusion coeffcient; D pure
diffusion coefficient: BSA body surface area: ns, not sianiicant.
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Healthy

participants
<40 years
Male/Female 53/16
Age (years) 25+4
Height (m) 176 £ 0.09
Weight (kg) 72.4 £ 100
BMI (kg/m?) 28+2

eGFR (m/min/1.73 m?) -
Systolic BP (mmHg) -
Diastolic BP (mmHg) -
Hypertension Medication yes/no -

Healthy
participants
>40 years

34724
60£9
1714009
760+ 1.7
2643

CKD

83
5214
1.74 £ 0.06
8.7 £ 105
304
51415
13248
82+8
&3

CKD, Chronic: Kidney Disease; BM, bodly mass index; eGFR, estimated glomeruar

ftration rate: BP. blood pressure.
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Study Control subjects Patients eld strength (T) Cortical perfusion
Lanzman et al., 2010 NG, HV G (>20% increase in SCf) 15 1P <0001
Heusch et al., 2013 NA Kidney allograft recipients with range of eGFRs 15 1P <005
Heusch et al., 2014 NG 1G (€GFR < 30 mL/min/1.73 m?) 15and 3.0 1P <0.0001

Avterial Spin Labeling (ASL) i kidhey allogratts. Impaired graft function (1G) was defined diferently in all three studies, and patients were compared to transplant patients with normal
gratt function (NG), or healthy volunteers (HV). In the study by Heusch et al. (2013) a set of ASL maps was correlated to the corresponding values for 6GFR (r = 0.63). VA denotes rot
applicable.
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Study. Control subjects Patients Distinction between AR and ATN? Field strength (T) MR} CR,
Sadowski et al., 2005 NG AR P <001 15 L NS
ATN NS 1
Djamali et al., 2006 NG AR P <005 15 4 Ns
ATN 4 NS
Thoeny et al., 2006 HY NG A 15 4 Ns
Djamali et al., 2007 HY CAN A 15 4 &
Han et al., 2008 NG AR P <001 15
AN
Sadowski et al., 2010 NG AR P <005 15 v Ns
AN NS NS
Park etal., 2012 HY AR A 30 L Ns
NG = =
Xiao et al., 2012 HY AR A 15 4 4
NG = =
Liu etal., 2014 NG AR P <001 30 4 NS
ATN NS NS
Park etal., 2014 NG AR NS 30
ATN L

Medullary (M) and cortical (CR,) R, values were determined in maftunctioning kidney allografts. Values were compared to control subjects: either transplant patients with normal
gratt function (NG), or heatthy volunteers (HV). AR denotes acute rejection, ATN acute tubular necrosis, CAN chronic allograft nephropathy, NS no significant difference and N/A not
applicable.
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Study Control Patients ~ Field  Cortical Medullary

subjects strength (T)  ADC ADC

Thoeny etal, 2006 HV NG 15 v v
Blondin et al., 2011 NG 1G 15 I NA
Hueper etal, 2011 HV. G 15 v v
Lanzmen etal, 2013 G-MG  1G 30 » @
Parketal, 2014 NG [ 30 v o
Fan et al.,, 2016 HV NG 30 NS u
G 1 I

Hueper etal, 2016 NG 0G 15 v v

Several studes found decreased ADC values in patients with impaired allograft function
(G) as compared to patients with normal allograft function (NG), good to moderate
alogratt function (G-MG), and healthy volunteers (HV). N/A denotes not applicable, NS
not signifcant. P < 001, 'P < 0016, P = 0.01," No P-values wero given for IG as
compared to HV in this study.
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(Patho)physiological
process

Oxygenation
Water diffusion and tubular
flow

(Asterial) blood supply
Scarring

Inflammation

Vascular reactivty
Meaintenance of
corticomedulary sodium
gradient

Imaging technique

Blood oxygen level dependent (BOLD) imaging
Diffusion weighted imaging (DWIyDiffusion
tensor imaging (OT)

Arterial spin labeling (ASL)

T4 in the rotating frame (T1,)

Magnetic resonance elastography (MRE)
Diffusion weighted imaging (DWIy Diffusion
tensor imaging (OT)

Uttrasmall superparamagnetic particies of iron
‘oxide (USPIO) enhanced imaging
Hemodynamic response imaging (HRI)
2Na-MRI

(Patholphysiological processes in the kidney that can be assessed with functional MR
to date. Although a lower corticomedulary sodium gradient has been demonsirated in
kicney allografts in comparison to native kidneys, sodium imaging has nether been able to
reflct kidney function in icney transplantation patients (Vioon et al, 2014), nor n healthy
indviduals with a vriety of GFRs (Haneder et al, 2013}, and i therefore not discussed!in
detai. However, it must be pointed out that preliminary experimental results in other Kidney
disease states, such as acute tubular necrosis, have shown changes in sodlum imaging
(Meril et al,, 2006; Atthe et al., 2009), Simir to socium MR), hemodynamic response
imaging has only been applied in experimental settings in animals thus far (1Aiman ot al,

2013, 2014).
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Parameter Between subject variability Literature values

Mean  std. dev. Number of subjects

Single renal artery flow 373 105 mUmin 73 583 = 164 mU/min (Bax et al, 2005)
443 (404-481) mUfmin (Khati ot l., 2015)
365 = 119 mi/min (Khatir ot al, 2014)
0.48  0.13 Umin (Steeden and Muthurangu, 2015)

Single renal vein flow 410 £ 134 mV/min 28

Total perfusion to single kidney 222 2 60 mmin/100 ml " 3.6 (3.2-4.0) mimin/em (Khati et al., 2015)

Cortex perfusion 265 70 mi/100 g/min 85 204 mUmin/100g (Cutajar et al., 2012)
355 71 mi/100 g/min (Gardener and Francis, 2010)
321 4 63 mUmin/100g (Gills et al., 2014)
200-260 ml/100 g/min (Martirosian et al., 2004)
367 = 41 /100 g/min (Wang et al, 2012)

Cortex Ty(at 3T) SE-EPI 1367 £ 79 ms 21 1,376 & 104 ms (MOLLY) (Gilis et al., 2014)
bFFE 1124+ 114 ms 26 1,142 % 154 ms (FSE) (de Bazelaire et al,, 2004)

MedulaT;(@3T)  SE-EPI 1655 % 76 ms 20 1,651 86 ms (MOLLI) (Gills et al., 2014)
bFFE 1389+ 126 ms 25 1,645 142 ms (FSE) (de Bazelaire et al., 2004)

Cortex Tp" (at 3T) 49.6 £ 6.6 ms (Ry* 206 £3.3s™ 1) 18 51 8ms (Ding et al., 2013)
218+ 125~ (Lietal., 2004b)
1.1 £3.8s~1 (Park et al,, 2012)
1824 1.75™" (Piskunowicz et al., 2015)
17.4 £ 1.1s~ (van der Bel et al., 2016)

Medula T, (at 3T) 29.7 5.4 ms Ry’ 349+ 6957 1) 18 37.4+ 1257 (Lietal, 2004b)
364 7 ms (Ding et al., 2018)

Cortex ADC 23+03 x10~3 mm2/s 39 2.4+ 0.1 x10=3 mm?/s (Zhang et al., 2010)
2,63 +0.08 x 10~ mm?2/s (Cutajar et al., 2011)
2402 x 103 mm?/s (Sigmund et al., 2012)
2,00 0.07 x 10~3 mm?/s (Thoeny et al., 2005)
2.4+ 0.1 x 103 mm?/s (Wittsack et al., 2010)

Cortex D 1.7 £0.3 x1073 mm2/s 38 1.8 0.1 x 103 mm?2/s (Zhang et al., 2010)
1.96 +0.09 x 10-3 mm?/s (Sigmund et al., 2012)
154 0.1 x 103 mm?/s (Wittsack et al., 2010)
2.44 £0.12 x 10~% mm?/s (Notohamiprodjo et al., 2015)

Cortex D* 10.7 £4.5 x 10-3 mm2/s. 29 14.2 0.8 x 10~3 mm2/s (Zhang et al., 2010)
24.56 £ 6.10 x 10~3 mm?2/s (Sigmund et al., 2012)
18.1 £2.2 x 10-3 mm?/s (Wittsack et al., 2010)
22.7 £10.6 x 1072 mm2/s (Notohamiprodio et al., 201)

Cortex fy 28+ 10% 29 31 2% (Zhang et al,, 2010)
18.7 % 3.5% (Sigmund et al., 2012)
52 4 10% (Wittsack et al., 2010)
26.6 2 6.1% (Notohamiprodio et al, 2015)

Total kidney volume 367 58 mi (Mean 184 & 29 m) 22 Mean actoss Kidneys:
141.6 + 28,5 ml (Seuss et al., 2017)
167 (97-307) m (Gohen et al., 2009)
196 (136-295) ml (van clen Dool et al., 200)

T, longitudinal relexation time; SE-EP spin echo-echo planar imaging; bFFE, balanced fast field echo; Tz", transverse relaxation time; ADC, Apparent Diffusion Coeffcient; D, pure
Diffusion coefficient: D", pseudodiffusion coefficient; f, perfusion fraction.
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MESOR Amplitude
Oxygenation cortex (%) 1000 (99.3-100.7) 58 (4.7-6.8)"
Oxygenation medulla (%) 100.0(98.8-101.2) 4.9 (3.6-6.3)"
Blood pressure (mmHg) ~ 95.5(04.6-95.8)  1.6(08-2.4)"
Heart rate (opm) 361 (366-365) 33 (28-38)°

Lights-off peak (active)

1053 £ 2.1

1052 £ 38
973+ 15
3948

Lights-on peak (rest)

%6£14

942£85

985£13
389

Acrophase (ZT h)

16.9(163-17.4)
16.9(160-17.7)
18.9(17.6-202)
16.9(162-17.6)

Robustness (%)

93
862
69.9
87.4

Data were analyzed by cosinor analysis (period = 24 ), lighting schedl; lights-on at 6 a.m. (ZT0), and lights-off at 6 p.m. (ZT12). Circadian thythm-adfusted mean, MESOR. Peak
time of cosine function, Acrophase. Percentage of variance accounted for by the computed rhythm, Robustness. (95% Cl except for peak values mean  SEM), *P < 0.01 vs. zero

ampiitude = no rythm.
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Author

Inoue

Michaely
Xin-Long
Yin
Pruijm
Vink
Thacker
Prasad
Knatir
Milani

2011
2011
2012
2012
2012
2014
2015
2015
2015
2015
2016

119
27
280
26
115
195
7%
47
59

207

Design

CKD-control
CKD-control
Observational
CKD-control
CKD-control
CKD-control
Hypertensives
CKD-control
CKD-control
CKD-control
CKD-control

Field strength (Tesla)

15
15
15and3

Analysis method

Fractional and Compartmental
Large ROl-entire parenchyma

R2’ cortex

No difference
No difference
No difference
Higherin CKD
Higher in CKD
No difference
No difference
Higher in CKD
Higherin CKD
No difference
Higher in CKD

R2" medulla

Not available
Lowerin CKD
No difference
Higher in CKD
Higher in CKD
No difierence
Higher at lower eGFR
No difierence
No difference
No difierence
Lower in CKD

Remark

Only DM
Only DM

Only DM

€GFR 75 18 ml/min
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